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Lignin is considered the second most abundant biopolymer and the first source of 
aromatics on earth. There is great interest in the development of processes that 
can transform lignin to fuels and high value chemicals. However, current 
technology is insufficient for efficiently transforming high volumes of biorefinery 
lignin into marketable products at low cost and high yield. In this dissertation we 
evaluated different homogeneous transition metal catalyst systems for the 
oxidative depolymerization and conversion of lignin models into value-added 
chemicals. First, we examined the direct carbon-hydrogen functionalization of 
monomeric, dimeric and polymeric lignin models using a ruthenium catalysts. High 
yields of alkylated product were obtained when using monomeric and dimeric lignin 
models. It was found that the yield of alkylated product in monomeric ketone lignin 
models is a function of their degree of substitution. Also, the methoxy groups create 
steric hindrance that reduce the rate of alkylation. Increasing the reaction time and 
the amount of olefin lead to the formation of dialkylated products. Second, we 
focused in the evaluation of cobalt-Schiff base catalysts for the oxidative 
depolymerization of lignin. Some quinones produced in the oxidative 
depolymerization of lignin deactivated the Co-Schiff base catalysts used in the 
reaction. Even catalysts with sterically bulky ligands were susceptible to 
deactivation by quinones when a coordinating base is added. We found that the 
formation of complexes between Co-Schiff bases catalyst and quinones and 
quenching of the superoxo radical can explain the deactivation of the catalyst. 
Finally, we examined the promotion of lignin models oxidation by using Co-Schiff 
bases catalyst mediated by aminoxyl radicals. Our attempts to increase the 
formation of phenoxy radical were challenged by the preference of the aminoxyl 
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According to the Energy Information Administration, in 2015, about two quads of 
ethanol and biodiesel were consumed. Regarding ethanol alone, around 14 billion 
US gallons were produced to supply the demand.1 Most of the ethanol produced 
in the US is obtained from the starch present in corn. Based on USDA and National 
Corn Growers Association statistics, 5225 million bushels (132.7 metric tons) of 
corn were allocated for the production of ethanol in the 2015–16 harvest year, 
equivalent to 38% of the total corn production of that year.2,3 
The production of biofuels has been driven by the US Renewable Fuel Standard 
(RFS), a federal program created by the Energy Policy Act of 2005 and the Energy 
Independence and Security Act of 2007. The RFS mandates that the fuel used for 
transportation in the US should include a minimum concentration of renewable fuel 
(10% for gasoline). The purpose of this program has been “to reduce greenhouse 
gas emissions and expand the nation’s renewable fuels sector while reducing 
reliance on imported oil”.4  
Cellulosic ethanol, or ethanol made from the cellulose that is found in the primary 
cell wall of plants, is a promising source that can potentially meet the rising demand 
for energy from biomass.5 Due to negative aspects associated with the production 
of ethanol from cornstarch (high production costs, fuel-versus-food issues, high 
use of arable land, and unsatisfactory greenhouse gas reduction) development of 
cellulosic ethanol is crucial for the RFS implementation.5,6  
On the other hand, a challenge to the creation of a sustainable biomass-based 
industry is the requirement that all the components of lignocellulose (cellulose and 
hemicellulose sugars and lignin) are used to fabricate goods such as fuels, 
chemicals and materials.6-10 This approach has been called biorefining, by analogy 
with oil and gas refining processes, but applied to renewable biomass.11 
In most plants, the cellulose is embedded in a matrix of hemicellulose and lignin. 
Current technologies to separate cellulose have been mainly developed by the 
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pulp and paper industry (P&PI). This industry, considered an early example of a 
biorefinery, implemented efficient ways to obtain cellulose from woody materials 
to produce paper, board, and other cellulose products.12  Lignin is the second most 
abundant biological polymer after cellulose and accounts for 10-35% of the 
renewable carbon. Lignin is a polymer mainly composed of phenolic units linked in 
a complex architecture, and the principal natural source of aromatics.13,14 
Nowadays, most of the lignin that is generated in the P&PI is consumed as fuel in 
the facilities, and a small fraction is used for the production of chemicals, and other 
applications.10,15 
Due to its high availability, chemical composition, and renewable character, there 
is a great interest in the development of biorefinery technologies based on lignin 
transformation. However, the structural complexity and the heterogeneity of the 
lignin polymer is the principal barrier for the efficient transformation of this material 
into chemicals, fuels, and other value-added products.16,17 The lack of an efficient 
technology for lignin fractionation or depolymerization into its single components 
limits chemical production at low cost and with high yield.  
The achievement of an efficient production of value-added chemicals from lignin 
strongly depends on the development of effective catalysts.18 Accordingly, we 
have focused on evaluating homogeneous transition metal catalysts for the 
oxidative depolymerization and conversion of lignin models into value-added 
chemicals.  
In Chapter 1, we present a review about lignin and the principal techniques used 
to produce value-added chemicals that we developed in this dissertation. Chapter 
2 describes our efforts using catalytic carbon-hydrogen activation for the structural 
modification of lignin models. Currently, this area is of great interest and has been 
used to dramatically improve the synthesis of a wide range of compounds.19 The 
great potential that carbon-hydrogen activation has for efficient production of 
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chemicals and building blocks makes it an interesting methodology to improve the 
chemical transformation of lignin.  
In Chapter 3, we examine the deactivation mechanisms of cobalt-Schiff (Co-Schiff) 
base catalysts used for the oxidative deconstruction and depolymerization of lignin 
models. In the past, it has been demonstrated that Co-Schiff base catalysts are 
suitable for the production of para-benzoquinones from lignin models.20 In this 
work, we have probed the deactivation of the Co-Schiff base catalysts by the para-
benzoquinone products, an area that has received little attention but has a 
significant impact on the reaction’s effectiveness for lignin oxidative 
depolymerization. We have proposed two mechanisms that can lead to the 
deactivation of Co-Schiff base by the product quinones. 
Finally, aminoxyl radicals have been the subject of several studies for the oxidation 
of lignin and lignin models in the past. We have examined the promotion Co-Schiff 
base catalyzed oxidation of lignin models by using aminoxyl radicals as mediators 
in the reaction. In Chapter 4 we show our results on this project and the factors 
that affect this reaction for the oxidation of lignin structures. 
The expansion of a sustainable fuel and chemical industry based on lignocellulosic 
biomass could not be possible without the development of biorefineries that make 
an efficient use of all the biomass constituents including lignin. With the 
implementation of this project, this work will generate valuable knowledge about 
how high-value chemicals can be produced from lignin by using efficient processes 









2.1 Lignin chemistry and chemical valorization approaches  
Lignin is considered the principal natural source of aromatics.13,14 Only preceded 
by cellulose, lignin is the second most abundant biological polymer in nature, 
comprising 10 to 35% of woody biomass. Due to lignin’s high availability, chemical 
composition, and renewable character, lignin is considered a sustainable source 
for producing value-added chemicals in the biorefining industry. In this section, we 
will review lignin chemistry, the most important lignin isolation techniques and the 
principal methods for the transformation of lignin into value-added chemicals.  
Lignin is a “random, complex, irregular, heterogenous, 3D, varyingly branched 
network of crosslinked, phenolic (aromatic) biopolymer”.20 The oxidative 
polymerization of para-hydroxycinnamyl alcohols, also known as monolignols (p-
coumaric acid derivatives), generates the lignin biopolymer in plant cell walls.21 
The principal para-hydroxycinnamyl alcohols that participate in lignin formation are 
coniferyl alcohol, sinapyl alcohol, and para-coumaryl alcohol (Figure 1), whose 
polymerization leads to formation of the guaiacyl (G units), syringyl (S units), and 
para-hydroxyphenyl (H units) lignin units, respectively.22  
The lignin polymer biosynthesis is well documented.17,23 Lignification in cell walls 
is considered a combinatorial radical coupling reaction, that begins with the 
formation of a phenoxy radical and its coupling to the end of a growing polymer.24-
26 The coupling generally occurs at the β-position of the monolignol species, 
generating arylglycerol-β-aryl ethers (β-O-4), phenylcoumarans (β-5) pinoresinols 
(β-β), and diphenylethane dimers (β-1) linkages.17 Other kind of linkages found in 
lignin are formed when dilignols and higher oligomers couple at positions 4 and 5, 
yielding diaryl ethers (4-O-5’) and biphenyls (5–5’) linkages.25,27 Figure 2 shows 





















The structure and concentration of lignin is not constant, but varies among the cell 
wall, the plant tissue, the age of the plant, the botanical species, etc.28 For 
instance, whereas the average lignin content in softwood is about 28%, in 
hardwood and herbaceous species the lignin content is about 20 and 18%, 
respectively.17,23 Also, whereas lignin in herbaceous sources has a significant 
concentration of H units, this value decreases dramatically in softwoods and 
hardwoods. Typical distribution of monolignols is shown in Table 1. 
Due to the expansion of the lignocellulosic biorefining industry, it is expected that 
important volumes of lignin will be available in the next years.30 Thus, lignin is 
intensively studied as a potential raw material to produce value-added chemicals. 
Assuming that the average biomass lignin content is 20% and that a biorefinery 
plant will generate around 80 gallons of bioethanol/ton biomass just in the US, the 
production of lignin will be around 40 millions of tons per year in the next decade.31 
However, today lignin application in the chemical industry is limited to few amounts 
of low added-value lignin products.32,33 To put it in numbers, by 2010, about 50 
million tons of lignin were obtained as a coproduct of the cellulose production in 
the P&PI, of which just 2% was used in specific markets as sulfonated and kraft 
lignin.34 Most of the lignin obtained in that period, roughly 98%, was burned in 
situ.32 
Lignin valorization for the production of chemicals should be seen as a value chain 
process where each step adds value to the product.18 As depicted in Figure 3, this 
process comprises the isolation of lignin and its conversion into chemicals. 
Nowadays, the most important industrial technologies for lignin isolation, in terms 
of the processed volume, are the kraft and the sulfite process used for woody 











Table 1. Monolignol distribution in different types of plants.29 
Monolignol Herbaceous Softwood Hardwood 
S (%) 25-50 0−1 50−75 
G (%) 25-50 90−95 25−50 




production of lignin in the world.37 This process has been tuned for the dissolution 
and removal of the lignin and the generation of the cellulose used for paper, board, 
and other cellulose products.36,38. In this process, wood chips are treated at 
elevated temperature (160-180°C) with a mixture of aqueous NaOH and Na2S (the 
so-called white liquor).20,39 During the reaction, the hydroxide and hydrosulfide 
anions react with the lignin, causing its fragmentation into smaller pieces that are 
water/alkali-soluble.40 The mixture of lignin fragments (35-45%), water, and 
inorganic chemicals used in the pulping process is known as black liquor.12 The 
black liquor is taken to a recovery boiler were it is burned. The combustion of the 
organic fraction of the black liquor (including lignin) is used to produce heat and 
power, allowing the kraft process to generate more than 50% of its own consumed 
energy. The inorganic fraction of the black liquor, which is not consumed in the 
combustion, is used to make white liquor that is reincorporated into the process 
(Figure 4). Because the kraft process requires internal consumption of the lignin 
as fuel and the drastic transformation that lignin suffers in this process, kraft lignin 
is an unlikely source of for the production of chemicals.20,32,41 
According to Wang et al., a good fractionation method is the one that isolates lignin 
with high yield and high purity, and retain β-O-4 bonds, which would be beneficial 
for subsequent conversion processes.18 The characteristic of kraft lignin is another 
barrier for its use as feedstock for production of chemicals. Kraft lignin is 
structurally highly modified due to the degradation reactions that trigger the 
liberation of lignin fragments and parallel condensation reactions that increase the 
molecular size of the lignin fragments.42 Most of the predominant β-O-4 linkages 
are cleaved during fragmentation of the lignin macromolecule and approximately 
73% of the hydroxyl groups, including benzylic alcohols, become sulfonated.17,40 








presence of sulfur in the kraft lignin (1.50–3.0%) can poison the most common 
transitions metal catalysts.43,44 
Thus, alternate methods have been developed that provide a separate lignin 
stream that can be used for production of high value co-products. These include 
processes like organosolv, dilute acid, hot water, steam explosion, ammonia fiber 
explosion and alkaline pretreatment, among others.45 While these processes have 
not yet been demonstrated at commercial scale, they are the best examples of the 
first stage of a commercial biorefinery designed to generate a separate lignin 
stream. 
The organosolv pulping process is an organic‐solvent‐based procedure with high 
potential for the production of good quality lignin, cellulose and hemicellulose for 
the biorefinery industry.16 The process dates from Kleinert’s 1932 patent 
describing the separation of spruce wood with mixtures of aqueous ethanol at 
elevated temperatures.46 Even though organosolv is a milder delignification 
process, it also alters the native structure of lignin, but its main advantage is that 
its lignin is sulfur free and, with a residual carbohydrate content of 1-2%, it has 
higher purity than kraft lignin.43,44 Some examples of pulping technologies that 
have been developed based on the organosolv process are shown in Table 2.47  
A potentially useful modification of the organosolv process efficiently fractionates 
lignocellulosic raw material into cellulose, hemicellulose and lignin for the 
production of biobased chemicals.30 The biomass is fractionated with a mixture of 
methyl isobutyl ketone, ethanol and water in the presence of an acid promoter, 
which selectively dissolves lignin and hemicellulose, leaving cellulose as an 
undissolved solid. As presented in Figure 5, after a solid removal step and the 
separation of the aqueous face, the organic phase is concentrated and dried to 
obtain the lignin fraction with high purity, and suitable for downstream production 
of value-added chemicals.57,58 The availability of this process in our lab has  
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Table 2. Biomass pulping methods based on organosolv process. 
Lignin type Solvent system Reference 
Acetosolv Acetic acid/hydrochloric acid solution 48 
ASAM Alkaline sulfite/anthraquinone/methanol 49 






Formacell Acetic acid/formic acid/water 52 
Milox Formic acid/hydrogen peroxide 53 
Alcetocell Acetic acid/water 54 








allowed us to focus on organosolv lignin as a biorefinery raw material. The 
organosolv lignin we have used have been generated in house.  
After the lignin isolation, the next step in the lignin value-added process is 
conversion. There are different ways to convert lignin into high-value chemicals. 
Laurichesse and Avérous classify the techniques into three main groups: (1) lignin 
depolymerization, (2) functionalization of the aromatic rings of lignin, and (3) 
functionalization of hydroxyl groups of lignin.32 Figure 6 shows some examples of 
techniques for the production of value-added chemicals from lignin. In the next 
sections, we will review the three conversion techniques that we study in this 
dissertation. 
2.2 Carbon-hydrogen activation for the alkylation of lignin 
models  
As mentioned above, the functionalization of lignin’s hydroxyl groups are important 
ways to add value to lignin (Figure 6). By using specific reactions, “raw” lignin can 
be modified to meet specific properties for specific processes. For example, 
because of lignin’s high content of hydroxyl groups, both phenolic and aliphatic, it 
has an affinity for polar organic solvents and polar polymer matrices.59-61 Lignin’s 
hydrophilic character can be changed by modifying lignin’s hydroxyl groups, 
making it more compatible with nonpolar polymeric matrices.32,62,63 Different 
reactions can be used to accomplish this change, including silylation,64,65 
acetylation,65 and alkylation.66-68 
The other functionalization approach in lignin conversion is the introduction of new 
chemical groups in lignin aromatic’s rings (Figure 6).69 This is usually done by 
using electrophilic aromatic substitution reactions, such as amination,70 nitration71 
and hydroxyalkylation.72 The introduction of new chemical functional groups in 




Figure 6. Examples of techniques for downstream production of value-added 




For instance, according to Du et al., the amination of spruce lignin using the 
Mannich reaction produces a lignin with a nitrogen content of 2.5%, increases its 
molecular mass from 3.9 × 103 Da to 4.9 × 103 Da, and considerably increases its 
dispersibility from 0.1 mg/ml up to 5.2 mg/ml in a dilute aqueous solution of 
hydrochloric acid (pH = 3).70 Potential uses for this aminated lignin include 
surfactant chemicals, polycationic materials and slow-release fertilizers, among 
others.70 Unfortunately these kinds of reactions have many problems associated 
with them. For example, also according to Du et al., the Mannich reaction for the 
amination of lignin requires a high amount of formaldehyde and dimethylamine, 
about 11-fold over lignin mass, as can be seen in Figure 7.  
Another problem associated with the Mannich reaction is its poor ability to control 
regio- and stereoselectivity.73 In fact, this is not just a problem of the Mannich 
reaction, but it is associated with different electrophilic aromatic substitution 
reactions and hydroxyl functionalization reactions used in organic synthesis in 
general, and particularly, for lignin functionalization.74,75  
To overcome the issues associated with classic organic functionalization 
reactions, a great interest has been developed in carbon hydrogen activation 
(CHA), which allows cleavage of a C-H bond and then installation of a functional 
group on the aromatic ring with high regio- and chemoselectivity.74 CHA contrasts 
with methods such as Friedel-Crafts alkylation, that also cleaves C-H bonds, but 
by electrophilic attack on the aromatic π-system and subsequent cleavage of the 
C-H bond by a base, or the directed ortho-metallation of aromatic C-H bonds by 
reagents such as BuLi, which occurs by the action of a strongly basic reagent.74,75 
According to Sezen and Sames, the term CHA refers to the formation of a complex 
wherein the C–H bond interacts directly with a metal reagent or catalyst, producing 
a C–metal intermediate complex.76 For these authors, the term CHA carries a 
mechanistic concept, and the term “C−H bond functionalization” describes a formal 








authors prefer the term C−H bond functionalization,78 in this dissertation we will 
refer to CHA as the reaction where a carbon-hydrogen bond is cleaved by a metal 
complex and then replaced with a carbon-X bond, where X can be a carbon atom, 
heteroatom or a functional group.79  
Selective activation of specific C–H bonds is a challenging task due to the ubiquity 
of C–H bonds in organic molecules.80 To solve this problem, the assistance of 
directing groups (DGs) to ensure site selectivity in intramolecular C-H bond 
activation and functionalization have been developed.81 This DG directs the 
transition metal catalyst into the proximity of a specific C–H bond in the molecule 
(Figure 8), leading to its selective cleavage and subsequent functionalization80,81 
In 1993, Murai et al. discovered the catalytic ortho-alkylation of aromatic ketones, 
which is considered a landmark contribution to the development of the directed 
CHA.75,80,82,83 As can be seen in the Figure 9, the C−H/olefin coupling of aromatic 
ketones proposed by Murai et al. is based on the selective carbon-hydrogen 
cleavage of the bond in aromatic compounds using a ruthenium catalyst and 
directed by the ketone’s carbonyl group.84  
In the catalytic C−H/olefin coupling reaction developed by Murai et al., the benzene 
CHA involves the cleavage of aromatic C(sp2)-H bonds at the ortho position of one 
directing group.82,85,86 The stabilizing interaction of the arene π-system with the 
transition metal and the formation of a strong aryl–metal bond, facilitates the 
activation of such bonds, which usually have low reactivity.83 The scope of the 
Murai reaction includes different ketones and, as can be seen in Figure 10, the 
Murai reaction is generally applicable to cyclic aromatic ketones, naphthyl ketones, 















Figure 10. Ru-Catalyzed ortho-Alkylation of Aromatic Ketones with Olefins. 
Values in parenthesis represents: (mmol of aromatic ketone/mmol of olefin/ mmol 




The Murai reaction has demonstrated high tolerance to substituents on the 
aromatic ring.87 Sonoda et al. examined the directing effect of functional groups in 
ruthenium-catalyzed CHA of substituted acetophenones (Figure 11).88 The authors 
observed that the CHA is tolerant to functional groups containing oxygen, nitrogen 
and fluorine atoms and that electron donating and withdrawing groups do not have 
a marked effect in the catalytic reaction. They also found that the site selectivity is 
mainly determined by steric factors.88 Finally, the authors concluded that since the 
ruthenium catalyst can coordinate the oxygen of the methoxy group, this 
substituent has a special directing effect.  
Roughly, the mechanism of alkylation of aromatic C−H bonds developed by Murai 
et al. is shown in Figure 12 (a more detailed mechanism is presented in Chapter 
2). In this reaction, a low valent transition metal complex inserts into a C-H bond 
by oxidative addition to give a metal-hydride intermediate. Then, the intermediate 
undergoes olefin migratory insertion followed by reductive elimination to afford the 
alkylation product.75 In this reaction, the reductive elimination step is considered 
the limiting step and therefore, the one that controls the regioselectivity of the 
C−H/olefin coupling reaction.89  
Today, many transition metal catalysts are used for the C−H/olefin coupling of 
arenes through CHA. Ir, Rh, Ni, Co, Fe, among other transition-metal based 
catalysts, are employed for this reaction, but its efficiency seems to be a function 
of the substrates involved in the reaction.90-94  
Despite the significant progress in those fields, many challenges still remain 
unsolved. For instance, difficulties in alkylation of aromatics substituted with olefins 
bearing some functional groups (see Figure 10) limit the applications of this 
reaction.83 Nevertheless, in relation to the groups that can be attached to the C-H 
position, not only vinylsilanes but also acrylic esters, styrenes, and even long-chain 














In this dissertation, we evaluated the usage of CHA for the alkylation of lignin 
models to produce synthetic alkylphenols with transition-metal catalysts. Although 
CHA has been broadly studied in the last 40 years, there are not studies intended 
to evaluate its systematic usage for the alkylation of lignin models, as far as we 
know. The development of this project will demonstrate the viability of the 
production of high value-added alkylphenols from lignin, and the understanding of 
this process. 
2.3 Co-Schiff base catalysts for the oxidative depolymerization 
of lignin models 
Lignin depolymerization, or the ability to disrupt the structurally complex lignin into 
smaller, simpler subunits is considered a crucial step toward lignin valorization. 20 
As shown in Figure 6, there are different strategies for lignin depolymerization. 
Lignin oxidative depolymerization using transition metal catalysts offers a great 
opportunity for the synthesis of chemicals through lignin depolymerization.96 In the 
last 40 years, Co−Schiff base complexes have emerged as potential lignin 
oxidation catalysts.97-100 In the following section, we review the use of Co-Schiff 
base catalyst in the depolymerization of lignin for the production of value-added 
chemicals. 
Schiff bases are imines, and the product of a condensation between an aldehyde 
and an amine. First described by Hugo Schiff in 1846,101 Schiff bases are broadly 
used as ligands in coordination chemistry due to their capacity to bind several 
transition metals. Among the different Schiff base-derived ligands, the best known 
is N,N′-bis(salicylidene)ethylenediamine (salen), which is prepared from the 
reaction of salicylaldehyde and ethylenediamine (Figure 13). Modification of the 
diamine and the substituents on the salicylaldehyde ring leads to Schiff base 




Figure 13. a) Formation of N,N′-Bis(salicylidene)ethylenediamine. b) Preparation 




Since their first synthesis in the 1930s,108,109 metal-Schiff base complexes have 
been intensively investigated. One of the most important Co-Schiff base 
applications is the catalytic oxidation of substituted phenols for quinone 
production.17,97-99,102,110-121 This application is based on the Co-Schiff base 
complex’s capacity to bind oxygen to form superoxo radicals. 97,112,115,116,122-124. 
Co(salen), and bis(salicylideniminato-3-propyl)methylamino cobalt (Co(N-Me 
salpr)) (Figure 14) are among the most studied Co-Schiff bases for catalytic 
oxidation of phenols. 
Quinones are active biological molecules that participate in processes such as the 
electron transport chain in cell membranes (Coenzyme Q10), photosynthesis 
(plastoquinone), and blood coagulation (Vitamin K).120 This important class of 
organic molecules also has industrial application in the fabrication of dyes, such 
as alizarin and red violet 125. Recently, the use of quinones for the fabrication of 
batteries and organic solar cells has also received notable attention.126-128 
Dioxoanthracene, also known as anthraquinone, is a quinone that can be 
synthesized from 1,4-benzoquinones by a Diels-Alder reaction and is used in the 
P&PI as an additive that promotes the yield of alkaline pulping.129 
In 1995, Bozell et al. demonstrated that Co(salen) and Co(N-Me salpr) complexes 
can oxidize the para-substituted phenolic lignin model syringyl alcohol into 2,6-
dimethoxy para-benzoquinone in good yield (Figure 15). Catalytic oxidation of 
vanillyl alcohol yielded a lower quinone production.97 Given that the two methoxy 
electron donating groups in the syringyl alcohol are important in stabilizing the 
phenoxy radical intermediate, the absence of one of these groups in vanillyl alcohol 
reduces the rate of radical formation, which leads to the subsequent low quinone 
production.97,102 
To improve the quinone yield in the oxidation of vanillyl alcohol by using Co-Schiff 
base complexes, Cedeno et al. proposed the addition of sterically hindered bases 















Figure 16. Vanillyl alcohol oxidation by Co(salen) and Co(N-Me salpr) in the 




sterically hindered bases such as N,N-diisopropylethylamine, diisopropylamine, or 
triethylamine as additives in the reaction provides a higher yield of 2-methoxy-1,4-
benzoquinone (up to 55%).124 
Biannic et al., inspired by the results of Cedeno et al., synthesized a new class of 
unsymmetrical catalysts that incorporate a sterically hindered base 
(benzylpiperazine) onto a cobalt Jacobsen-type catalyst (Figure 17).130 According 
to the authors, the principal advantage of this catalyst is the higher conversion of 
vanillyl alcohol to 2-methoxy 1,4-benzoquinone, and the oxidation of syringyl 
alcohol to 2,6-dimethoxy-1,4-benzoquinone in just one hour. The authors 
hypothesized that the substituent pendant base could speed the oxidation of an 
intermediate phenolate anion to the corresponding phenoxy radical, whereas the 
bulkiness of the ligand avoids the formation of non-active dinuclear oxygen 
adducts.130 
Despite the advances in lignin model oxidation using these complexes, some 
issues remain unsolved. Bozell et al. described that when Co-Schiff base 
complexes react with either oxygen alone or with oxygen and a substrate of low 
reactivity, a new complex with no catalytic activity is produced.97 Martell stated that 
all dioxygen cobalt-complexes experience irreversible degradation reactions by 
forming complexes that have no oxygen affinity.131 According to Busch, 
deactivation by irreversible oxidation is the principal drawback associated with 
dioxygen carrying complexes, including Co-Schiff bases.132,133 Busch states that 
three general mechanisms lead to the deactivation of these complexes: i) 
irreversible formation of a 2:1 peroxo-bridge dimer (e.g., LnMO2MLn) by complexes 
that usually function reversibly as 1:1 (e.g., LnMO2); ii) irreversible ligand oxidation; 
and iii) central atom oxidation.132,134,135 
Quinones are known as good oxidants that can form bridges between 
organometallic complexes, initiating irreversible oxidation of the metallic centers. 









and cobalt and iron-Schiff base complexes.136 The authors demonstrated that 1,4-
benzoquinone reacted with Co(salen) to form a 2:1 [Co(salen)/py]2/benzoquinone 
adduct when the cobalt catalyst and the para-quinone were mixed in pyridine 
(Figure 18). Evidence of the formed adducts was based on CHN analysis.  
Dinuclear (2:1) and mononuclear (1:1) adducts have also been obtained with 
several different quinones and metallic complexes. For example, Floriani et al. 
reported that Fe(salen) formed 2:1 adducts with tetramethyl-para-benzoquinone, 
and tetrachloro-para-benzoquinone to form [Fe(salen)]2quinone compounds, and 
1:1 adducts with the ortho-quinones, ortho-phenanthrenequinone, and 1,2-
naphthoquinone.136 Hendrikson et al. showed the formation of M(III)(salen)/ortho-
semiquinone when M(II)(salen), (M= Fe, Mg, and Co), reacts with the ortho-
quinones 3,4,5,6-Tetrachloro-1,2-benzoquinone, 3,5-di-tert-butyl-1,2-
benzoquinone, 9,10-phenanthrene-quinone and 1,2-naphthoquinone.137 In a 
separate study, the last authors observed the formation of dinuclear ferric 
complexes between Fe(II)(salen) and 1,4-benzoquinones, 1,4-naphthoquinones, 
and bianthrone (see Figure 19 for some examples).138  
Different kinds of mononuclear and dinuclear quinone adducts have been reported 
with other metal complexes including iron porphyrins,139,141 Ru(PPh3)3Cl2,142,143 
Os(PPh3)3Br2,143 Ru(trpy)Cl3,144 [Co(CN)5]3-,145-148 and [Co(trien)Cl2]Cl.149 Among 
the quinones, ortho-quinones have been more studied than para-quinones 
because the α-diketone structure is a well-known ligand in coordination 
chemistry.150,151 Reviews of transition metal complex containing ortho-
semiquinone ligands have been published by Pierpont and Attia,152 and Kharisov 
et al.153 
Despite the proven formation of adducts between Co-Schiff base and quinones, 
the possible effect of this reaction on the Co-Schiff base complex deactivation as 
a catalyst in lignin oxidation reaction has not been studied. There are some reports 









Figure 19. Some quinone and metal complex adducts reported in the literature:  
a) Dinuclear ferric porphyrins-1,4-benzoquinone complex;139 b) Metal salen 





and some oxygen-rich molecules, especially quinones,146,154-156 but this has not 
been associated with deactivation of Co-Schiff base catalyst, neither with the low 
quinone yields in the oxidation of monomethoxy lignin models and lignin itself 
(specifically with Co(Salen)/py and Co(salpr) complexes). Therefore, we studied 
the effect of quinone production on the deactivation of Co-Schiff base oxidation of 
lignin models and the conditions that originate this deactivation. The study of the 
conditions that leads to the Co-Schiff base complexes deactivation will allow us to 
design new catalysts that can be resilient to those conditions. 
2.4 Aminoxyl radicals as mediators in the oxidative 
depolymerization of lignin models   
As mentioned before, lignin oxidative depolymerization is an important technique 
for the conversion of lignin into value-added chemicals (Figure 6). Oxidative 
depolymerization can be performed with a variety of oxidants, such as bleaching 
agents (e.g. chlorine, chlorine dioxide, hypochlorite), peroxide, and  others.44 In 
the last section, we showed the advances regarding the use of Co-Schiff base 
catalysts for the oxidative depolymerization of lignin models and how the 
deactivation of the catalyst can be a barrier to higher conversions. We also noted 
that the oxidation of compounds modeling the less electron-rich G units in lignin, 
such as vanillyl alcohol, proceeded in much lower yield (Figure 15).124 In this 
section we review the use of aminoxyl radicals (AR) as mediators in the oxidation 
reaction between transition metal catalysts and lignin models with lower reactivity. 
Later in Chapter 4, we present our results regarding the use of AR as mediators in 
the oxidative depolymerization reaction of lignin models using Co-Schiff base 
catalysts. 
AR are compounds that have a [R2N–O•  R2N•+–O−] structure.157 They have 
been studied for the oxidation of several organic substrates, including lignin 
models, and their efficacy is well documented.157-162 Previous reports have shown 
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that AR-mediated metal catalytic systems effectively catalyzed the oxidation of a 
wide array of lignin models, including syringyl alcohol, vanillyl alcohol, and para-
hydroxybenzyl alcohol (H model) to their respective para-hydroxybenzaldehydes 
in high yield.163-172 
One important application of AR is the oxidation of lignin-related compounds with 
laccase enzymes. Laccases are copper-containing oxidase enzymes involved in 
the polymerization and depolymerization of lignin and are naturally produced by 
white-rot fungi.173-176 Due to the low redox potential of laccases (<800 mV), and 
that it is too large to penetrate wood cell wall, laccase alone can only oxidize 
phenolic lignin structures with lower redox potential, and not the non-phenolic 
aromatic structures that comprise more than 80% of lignin (terminal lignin phenols 
via phenoxy radical formation).160,177-182 Thus, laccases have been used with AR 
to oxidize non-phenolic lignin structures. AR have an intermediate redox potential 
between the laccase and the substrate and have a lower molecular weight (Figure 
20).183,184 Laccase mediators have been the subject of several patents based on 
the use of enzymes for bio-bleaching technology in the pulping industry.168,184,185  
Different AR have been studied as laccase mediators for the oxidation of non-
phenolic lignin substrates, but in practice, only few molecules work as good 
laccase mediators. Since 2,2'-azino-bis(3-ethylbenzthiazoline)-6-sulphonic acid 
(ABTS), the first laccase mediator, was discovered in the 1990s, the number of 
compounds that can be oxidized by laccases has increased dramatically.186-188 
Some phenols, catechol, phenolsulfonphthalein, and hydroquinone have been 
used to mediate the oxidation reaction between laccase and non-phenolic lignin 
models and lignins.174,180,189,190 
Phthalimide N-oxyl radical (PINO) and benzotriazole-N-oxyl (BTNO), which are 
generated from N-hydroxyphthaleimide (NHPI) and 1-hydroxybenzotriazole (HBT) 








most studied ARs used as laccase mediators for the oxidation of lignin and other 
organic substrates (Figure 21).158-161  
Laccase/AR systems generated great enthusiasm after the first studies in the 
P&PI, but technologies based on such systems have shown only moderate impact 
in industry over time. The initial goal of these technologies was lignin removal, 
whereas today they are commonly used as a pretreatment before more intensive 
mechanical delignification.184 Table 3 shows some examples of laccase and AR 
oxidations of lignin models.  
The use of AR as mediators is not solely restricted to laccase. In fact, AR use as 
mediator in the oxidation of organic substrates historically precedes its use with 
this enzyme. In the 90s, NHPI was reported by Ishii et al. as a mediator in the 
oxidation of alcohols, cycloalkanes and benzylic compounds in conjunction with 
Co(acac)3, Co(OAc)2 and other catalysts.193-196 In addition, TEMPO was used as 
a mediator for the oxidation of alcohols to aldehydes with copper chloride (CuCl) 
in the 80s,167 but its use in the oxidation of organic substrates can be dated to the 
70s and earlier.197,198  
Stahl and coworkers recently showed that 4-acetamido-TEMPO, in combination 
with HNO3 and HCl, can be used for the aerobic oxidation of the β-O-4 lignin model 
adlerol, and other lignin model dimers.164 In the reaction, adlerol and the other 
lignin models are oxidized to adlerone and ketones in high yield (Figure 22a). 
Then, C-C bonds in the products could be cleaved by using H2O2 under basic 
conditions to generate principally veratric acid and guaiacol in high yield, along 
with other products (Figure 22 b). The method proposed by Stahl et al. allows the 
selective oxidation of the secondary benzylic alcohol of the lignin model. According 
to Rahimii et al., the formation of a ketone at the benzylic position is crucial for the 













Table 3. Some reported substrates of TEMPO, HBT, and NHPI as laccase 
mediators. 































The use of AR as bridges in oxidation reactions has not been restricted to the 
oxidation of lignin models. For instance, Jin et al. reported a direct carbon-
hydrogen oxidation of arenes using a NaClO/TEMPO/Co(OAc)2 catalytic system 
to produce aldehydes and ketones.200 Also, Jiang et al. described a 
Co(OAc)2/TEMPO oxidation method for selective aerobic alcohol oxidation under 
ambient conditions (atmospheric pressure, ambient temperature, open to air) in 
acetonitrile/water solution (1:2, v/v). According to the authors, by using this catalyst 
system, high concentrations of aldehydes and ketones are produced (Figure 23 
a).201 
Sheldon et al. proposed the use of the ruthenium catalyzed aerobic oxidation of 
aliphatic alcohols, including benzyl alcohol (BnOH) into aldehydes and ketones, 
using TEMPO as the mediator and RuCl2(PPh3)3 as the catalyst.202,203 In this 
reaction, TEMPO works as a hydrogen transfer mediator for the ruthenium catalyst 
and is regenerated by oxygen, therefore it does not directly oxidize the alcohol 
(Figure 23 b).Lignin oxidation by Co-Schiff bases has shown positive results that 
encourage their use to generate high-value chemicals. However, there are 
challenges to overcome. As mentioned earlier, our group has been developing a 
new class of Co-Schiff catalysts that incorporate benzylpiperazine in the ligand 
structure (Figure 17). With this new catalyst we have achieved higher oxidation of 
phenolic lignin models (SyOH, VaOH, β-O-4 models) than by using Co(salen) or 
Co(N-Me salpr) catalysts.130 In contrast, when we use this catalyst for the oxidation 
of isolated lignin under the same conditions optimized for lignin models the yield 
of oxidized lignin is low (Figure 24).  
Although there are important advances in the use of AR in the oxidation of non-
phenolic lignin by using transition metal catalyst and laccase, there is a lack of 
knowledge about the use of AR as mediators in the oxidation of lignin models and 




Figure 23. a) BnOH oxidation by using Co(OAc)2/TEMPO as catalyst.201 b) 















CARBON-HYDROGEN ACTIVATION OF LIGNIN MODELS 




3.1 Introduction  
As mentioned in Chapter 1, there are different strategies used for the valorization 
of lignin through the functionalization of lignin’s aromatic rings. Despite some 
progress having been made in the traditional lignin functionalization reactions such 
as amination, alkylation, hydroxyalkylation, among others, a lack of ability to 
control regio- and stereoselectivity is very common in these reactions.73 Also, there 
is a consensus that to upgrade lignin into useful chemicals, sustainable, selective, 
and preferably catalytic procedures must be developed, characteristics that are not 
found in the traditional functionalization methods.18,204 
CHA is a hot topic of current importance in transition-metal catalysis.19 Since 1993, 
when Murai et al. discovered the catalytic ortho-alkylation of aromatic ketones, 
many research groups have been trying to develop new applications for this 
reaction and improve it.82,83 As can be seen in Figure 25, the CHA reaction 
developed by Murai et al. is based on the directed carbon-hydrogen cleavage of 
the ortho-C-H bond in aromatic ketones, a reaction that allows installation of a 
functional group with high regio- and chemoselectivity. 
The most accepted mechanism of CHA of ortho-C-H bonds in aromatic ketones, 
using ruthenium catalyst 1, is shown in Figure 26.75,94,205 In the first step of the 
ortho-C-H activation, the reductive elimination of the two hydride ligands from 
complex 1 generates the catalytically active Ru(0) species 2.86,205-207 In the second 
step, the coordination of the carbonyl oxygen of 3 to the Ru(0) complex produces 
complex 4. The directed nucleophilic attack of the Ru(0) on the ortho-carbon atom 
cleaves the C-H bond by migration of the H to the metal center, producing the 
hydrido complex 5. A density functional study showed that the oxidative addition 
for forming 5 proceeds through a five-coordinate metallacycle intermediate which 
is stabilized by an agostic interaction between the C-H bond and the Ru atom.208,209 
Next, one PPh3 ligand is replaced by the olefin, forming the π-bonded complex 6. 














bond creates the complex 7. Finally, the formation of the new C-C bond in the 
alkylated product 8 takes place by a reductive elimination reaction, which has been 
proved to be the rate determining step in the catalytic cycle.207 Again, 
computational studies suggest that this reductive elimination step resembles a 
migration of the alkyl group to the π-system of the arene, followed by elimination 
of the metal to re-aromatize the ring.74,210 
In this chapter, we evaluate the potential of CHA as a tool for the functionalization 
of different lignin models including monomeric, dimeric and polymeric lignin 
species. Although CHA has been broadly studied in the last four decades, there 
are no studies related to lignin functionalization. Here we demonstrate that the 
efficiency of the CHA for the alkylation of lignin models is a function of the 
complexity of the lignin model itself, reaction time, substrate/olefin ratio and 
catalyst loading. Whereas monomeric and dimeric lignin models can be alkylated 
under the conditions of this study, the alkylation of polymeric lignin models was not 
possible, possibly due to the poor solubility of the lignin model polymers in the 
solvent used. A future work on this field should be look at strategies to change the 
reactivity of the catalyst and ways to increase the solubility of the polymeric lignin 
models.  
3.2 Results and discussion   
3.2.1 CHA of ketone lignin models  
We started our study on CHA by evaluating the effect of different substituent 
groups at the para- position of lignin models 9a-f for the production of alkylated 
products 10a-f using triethoxyvinylsilane (11) in the presence of catalyst 1.86 The 
results are summarized in Error! Reference source not found.. A high yield of a
lkylated product 10a was achieved when acetophenone 9a was coupled with 11. 
The presence of a para-methoxy and methyl groups did not interfere with the 
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Figure 27. Ru-catalyzed CHA of monomeric lignin models (Yields are for isolated 
product. Average of three replicates). 
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products 10b and 10c, respectively. In contrast, 4′-hydroxyacetophenone (9d), 4-
methoxybenzaldehyde (9e) and 4-methoxybenzyl alcohol (9f) failed to undergo 
coupling. We conclude from these results of that under these conditions, only 
ketones can successfully direct the activation of the ortho-C(sp2)-H bond of the 
monomeric lignin models using complex 1. 
We initially considered that the lack of activity of aldehydes 10e and 10g may be 
attributed to a poor directing group ability of the aldehyde group in this lignin model, 
but a simple comparison of the directing group ability of the substrates on Error! R
eference source not found. shows that this is not the case. In terms of the 
coordination ability to transition metal complexes, ketones, carboxylic acids, 
ethers, aldehydes and alcohols are all considered weakly coordinating directing 
groups.80,81 Table 4 shows the Lewis basicity of different carbonyl groups using a 
BF3 affinity scale.207,211-213. It is interesting to see that whereas acetophenones 
10a, 10b and 10c afford the corresponding coupling product in good yield, 
benzaldehyde 10g, with a similar Lewis basicity value, has a poor yield of coupling 
product. This suggests that the coordination ability (as Lewis basicity) of 
benzaldehydes 10e and 10g is not the reason why it doesn’t work in the ortho-C-
H functionalization reaction under the conditions of Error! Reference source not f
ound..  
A more plausible explanation of why aldehyde 10g fails in the alkylation reaction 
by using catalyst 1 is the presence of competitive decarbonylation.214-216 There are 
different examples of aldehydes being decarbonylated when exposed to catalysts 
similar to 1. For instance, decarbonylation of aldehydes with the Wilkinson complex 
[RhCl(PPh3)3] is a well-known reaction.217-219 It has been reported that the 
aldehyde-directed C−H activation/cyclization of indolyl aldehydes with alkynes 
using a Rh catalyst undergoes a subsequent decarbonylation to produce 
indolo[1,2-a]quinolones in high yields.220 Finally, Murai et al. reported the formation 
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of benzene by the decarbonylation of 3g in Ru-catalyzed aromatic C-H/olefin 
coupling using catalyst 1.221 Based on that, two approaches were proposed for  
Table 4. Lewis basicity of some directing groups.213 









CHA of benzaldehydes using catalyst 1. Kakiuchi et al. found that increasing the 
steric hindrance around the aldehyde moiety to inhibit the approach of the 
ruthenium to the carbonyl carbon can reduce the amount of decarbonylation 
(Equation [1]).222 Also, Fumitoshi et al. reported that reducing the electrophilicity of 
the carbonyl carbon atom and increasing the ability of the oxygen as a directing 








The inability of benzyl alcohol 10f to generate an alkylated product by CHA under 
the conditions of Error! Reference source not found. is not yet understood. A
lthough all directing groups shown in Error! Reference source not found. are 
generally considered weakly coordinating, we were unable to find a Lewis basicity 
value for this lignin model like the ones shown in Table 2. As will be described, we 
have developed a way to activate certain α-benzyl alcohols, but not 10f.  
The lack of catalytic activity of catalyst 1 with phenolic lignin models such as 10d, 
using olefins 11 and 3,3-dimethyl-1-butene (12), was further studied (Table 5). 
When lignin model 13a was used in the CHA reaction, regardless of the olefin 
used, most of the starting material was recovered (entries 1 and 2). The same 
result occurred when phenolic lignin model 13b was used at different olefin 
loadings (entries 3 and 4). Even when using the sterically hindered phenolic  
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Table 5. CHA of phenolic lignin models. 
 
Entry Substrate t (h) Olefin 
(equiv.) 
% of staring 
material 
recovereda 
1 13a 1 11 (1) 95 
2 13a 1 12 (4) 94 
3 13b 1 12(1) 93 
4 13b 1 12(4) 96 
5 13c 1 12 (4) 92 
6 13c 24 12 (4) 95 
7b 13d+13a 16 12 (4) 13a= 92 13d=92 
8c 13d+phenol 1 12 (4) 13d = 87 
aPercentage are for isolated starting material recovered after the 
reaction. Average of tree replicates.   
b1 mmol of each substrate. 




acetophenone 13c, no coupling product was isolated after either 1 or 24 hours of 
reaction (entries 5 and 6). A competitive reaction was carried out using a mixture 
of the phenolic lignin model 13a (which undergoes coupling, as reported224 and as 
shown below) and the nonphenolic lignin model 13c, but after 16 hours of reaction, 
no coupling product was isolated (entry 7). The reason why phenolic lignin models 
fail to react under the conditions of Table 5 remain unknown, but it has been 
hypothesized that deactivation of catalyst 1 may occur due to the effect of the 
acidic hydrogens of the phenolic substrate or due to the irreversible reaction of the 
catalyst 1 with the carbonyl oxygen of the phenolic lignin model, as the oxidation 
addition is a reversible process.225 The fact that the addition of phenol to the CHA 
reaction of lignin model 13d stops the alkylation (Table 5, entry 8) supports 
deactivation by acidic hydrogens.  
After identifying non-phenolic acetophenones as the best lignin model substrates 
for the CHA reaction using catalyst 1, we decided to study the coupling reaction of 
ketone lignin models with different degrees of methoxy substitution as shown in 
Table 6. It has been suggested that methoxy groups can have an additional 
directing group effect on the ortho- functionalization of acetophenones using 
catalyst 1 via coordination to the Ru.88 Our results show that when using a 
stoichiometric amount of olefin 11, the alkylation of 13d occurred at the less 
crowded ortho- position of the lignin model, generating the monoalkylated product 
14 (entry 1). Similar results were reported by Sonoda et al., who suggested that 
directing effect of the ether oxygen is overcome by the steric effect of the 
substituent methoxy group at the meta position.224 The presence of two methoxy 
groups in 13e increased the steric effect which decreased the yield of the coupling 
product 15 (entry 2 and 3).224 Even though the yield of coupling product when using 
13e is lower, we found that increasing the olefin amount and reaction time gave a 
higher yield of the coupling product 15 (entry 4). 
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Table 6. CHA of ketone lignin models 
 








1 13d 0.5 11 (1) 14 (85) - 
2 13e 0.5 11 (1) 15 (57) - 
3 13e 1 11 (1) 15 (56) - 
4 13e 15 11 (1.5) 15 (80) - 
5 13d 18 12 (4) 16 (7) 17 (76) 
6 13e 18 12 (4) 18 (18) 19 (72) 
 




The scope of the CHA of methoxy-substituted acetophenones using catalyst 1 was 
increased by using olefin 12 as shown in Table 6. After 18 h of reaction and using 
a ratio of lignin model to olefin of 1:4 mol/mol, the main coupling product of the 
reaction between 13d and 12 was the dialkylated acetophenone 17, with low 
amounts of the monoalkylated version 16 also obtained (entry 5). Similar results 
were found for lignin model 13e, which generated mainly the product 19 in a good 
yield, together with the monoalkylated product 18 (entry 6). Finally, we propose 
that the generally accepted mechanism for the ruthenium catalyzed CHA of 
aromatic compound, shown in Figure 26, is also operative for the alkylation of lignin 
models when using olefin 12.75,94,205  
The question whether the formation of dialkylated products such as 17 and 19 is 
the result of further reaction of the monoalkylated product, or if they are formed 
without the dissociation of the 1:1 coupling product from the ruthenium center was 
studied by Murai et al.85 The authors proposed that the dialkylated product is 
formed without disassociation of the monoalkylated product, as depicted in Figure 
28. Once the Ru catalyst complexes the ketone substrate 20a, the π-electron-
donating methoxy group at the para- position contributes to stabilize the 
intermediate 20b by resonance, which allows the Ru center to cleave the other 
ortho- H atom and react further with an excess of olefin to generate the dialkylated 
product 20c.85,224 If the cleavage of the second H atom does not occur, only the 
monoalkylated product 20d is generated.  
Based on the alkylation results from monomeric lignin models using catalyst 1, we 
decided to increase the complexity of the lignin model structure by evaluating 
dimeric lignin models, which were synthesized from the bromination of the 
respective acetophenone, followed by its reaction with phenol in presence of 
K2CO3 to produce the corresponding ether (See experimental section for more 
details). As mentioned in Chapter 1, the β-O-4 linkage is the most abundant 








studied in different reactions involving mostly oxidation and fragmentation.16,204,226-
229 We studied the CHA of β-O-4 type ketone dimeric lignin models bearing 
different degrees of methoxy substitution, and results are summarized in Table 7.  
When the dimeric lignin model 21a was used in the CHA reaction with olefin 12, 
the monoalkylated product 22 was obtained in fair yield (Table 7, entry 1). 
Increasing the number of methoxy substituents had a marked effect on the yield of 
alkylated product. When the monomethoxy substituted dimeric lignin model 21b 
was employed, the alkylated product 23 was isolated in 43% yield, together with 
the dialkylated product 24 (Table 7, entry 2). Monoalkylated product 25 was 
obtained in a 28% yield when the dimethoxy dimeric lignin model 21c was used as 
a substrate (Table 7, entry 3). The yield of the CHA product dropped when the 
trimethoxy dimeric lignin model 21d was used to produce 26 (Table 7, entry 4). 
Results in Table 7 show that sterics play an important role in the CHA of β-O-4 
type ketone dimeric lignin models. This steric effect has been also identified in the 
C-O bond cleavage of β-O-4 dimeric lignin models using a Ru-xantphos catalyst.230 
It is important to point out that catalyst 1 has been used for the hydrogenolysis of 
β-O-4 lignin model dimers, which cleave the aryl-ether C-O bond to generate 
acetophenones and phenols, as can be seen in Figure 29.230,231 According to 
Nichols et al., although hydrogenolysis was optimized in the presence of added 
Ph-xantphos, there was a formation of phenols when the catalyst 1 was used 
alone.230 As we showed in Table 5, phenols can potentially stop the catalytic 
reaction.  
3.2.2 CHA of α-benzyl alcohol lignin models  
As shown in Error! Reference source not found., benzyl alcohol 10f was not e
ffective as a substrate for the CHA alkylation. Exploring ways to use not just 
ketones but also benzylic alcohols in the CHA reaction would be important, as they 
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are representative of native lignin. We therefore examined a tandem 
oxidation/CHA reaction using catalyst 1, where  
Table 7. CHA of β-O-4 ketone dimeric lignin models. 
 






1 21a 18 12 (2) 22 (66) - 
2 21b 18 12 (4) 23 (43) 24 (19) 
3 21c 18 12 (4) 25 (28) - 
4 21d 18 12 (4) 26 (10) - 
 





Figure 29. Reductive aryl-ether cleavage of dimeric ketone lignin model using 




the ketone substrate is formed in situ by hydrogen transfer to an α-benzylalcohol 
before the CHA reaction occurs (Figure 30).233,234  
We successfully used the tandem oxidation/CHA reaction for the alkylation of 
different α-benzylic alcohol lignin models as shown in Table 8. When using olefin 
11 for the alkylation of lignin model 27a, some of the oxidation reaction product 9b 
was isolated plus the CHA product 28 after 16 hours (entry 1). Switching to the 
alkene 12 at the same reaction time gave a lower amount of oxidation product 9b 
and a higher amount of the CHA dialkylated product 29, suggesting that overall 
reaction occurs faster with this olefin (entry 2).  
Increasing the number of methoxy groups on the benzylic alcohol lignin model 
influences the kind and amount of CHA alkylation product formed. After 24h 
reaction with dimethoxy alcohol lignin model 27b, most of the corresponding 
dialkylated product 18 is formed, but accompanied by a 24% yield of the 
monoalkylated product, indicating that steric hindrance caused by methoxy group 
reduces the rate of reaction. (Table 8, entry 3). Similar to our results on CHA with 
monomeric ketone lignin models, the amount of olefin has an important effect on 
the selectivity of the reaction. When using 2.5 equivalents of alkene 12 per mol of 
alcohol lignin model 27c, monoalkyalated product 18 was isolated as the major 
product (Table 8, entry 4), whereas increasing the amount of 12 to 4 
equivalents/mol of the same staring material yielded a higher amount of the 
dialkylated product 19 (Table 8, entry 5). 
Finally, we tried CHA of the alcohol dimeric lignin model 30 (Table 9). We find that 
increasing the amount of olefin 12 from 2.5 equivalents to 4 almost doubles the 
amount of monoalkylated product 22 (entries 1 and 2). Increasing the time of 
reaction and the amount of olefin to 8 equivalents increases the yield of 22 to 71% 





Figure 30.  Tandem alcohol oxidation and C-H activation.233,234 
 
 
Table 8. Tandem oxidation and CHA of benzyl alcohol lignin models 
 











1 27a 16 11(4) 9b (21) - 28 (50) 
2 27a 16 12 (4) 9b (10) - 29 (78) 
3b 27b 24 12 (4) - 16 (24) 17 (67) 
4b 27c 24 12 (2.5) 13e (3) 18 (70) 19 (13) 
5b 27c 24 12 (4) - 18 (48) 19 (45) 
 
a Yields percentage are for isolated product recovered after the reaction. 




Table 9. Tandem oxidation and CHA of alcohol dimeric lignin models. 
 




1 30 24 12 (2.5) 22 (27) 
2 30 24 12 (4) 22 (52) 
3 30 48 12 (8) 22 (71) 




3.2.3 CHA of polymeric lignin models  
Our next challenge in CHA was to examine polymeric lignin models that mimic the 
linear structure of a lignin polymer linked by β-O-4 units. We evaluated the ketone 
(31) and alcohol (32) lignin models shown in Figure 31. Polymeric β-O-4 lignin 
models., which have been synthesized and characterized previously.226,235 
Polymer 31 was synthesized from the polymerization reaction of 2-bromo-1-(4-
hydroxyphenyl)ethenone in the presence of K2CO3, whereas 32 was obtained by 
the reduction of polymer 31 (see Experimental section for more details). 
We evaluated different treatments for the CHA of the polymeric lignin model which 
are summarized in the Table 10. For this set of experiments only olefin 5 was used, 
since it showed better performance in the alkylation of monomeric and dimeric 
lignin models. After each reaction time, the reaction mixture was filtered and the 
precipitated was collected, dried and characterized using NMR and FTIR. 
After subjecting the ketone polymeric lignin model 31 to the CHA reaction for 24 
hours and using 4 equivalents of olefin 12 (Table 10, entry 1), FTIR analysis 
showed little change in the polymer structure (Figure 32). Based on this result, we 
decided to increase the loading of catalyst, the reaction time, and the olefin 
concentration to 5%, 48 hours, and 8 equivalents, respectively (Table 10, entry 2), 
but again, no change in the polymer structure was observed.  
We also conducted NMR analysis of the ketone polymeric lignin model 31 before 
and after reaction (Product K1 and K2). The 1H-NMR spectra also showed no 








Table 10. CHA of polymeric lignin models. 




Solvent  Product  
1 31 24 4 12 (4) Toluene K1 
2 31 48 5 12 (8) Toluene K2 





Figure 32. Comparison of FTIR spectra of original ketone polymeric lignin model 
31 and products K1 and K2 (See Table 10 for details). 
  




























Figure 33. 1H-NMR spectrum of original ketone lignin model 31, and products K1 




When the polymeric alcohol lignin models were tested, FTIR analysis showed that 
there is an initial formation of ketone groups after the reaction based on the 
formation of a C=O stretching band at 1674 cm-1 (Figure 34). This change can be 
attributed to an oxidation of the α-alcohols of the polymeric lignin model by the 
catalyst, similar to the transformations summarized in Table 8 and Table 9. Our 
results show that the first planned step of the transformation, oxidation of the 
benzyl alcohol to the corresponding ketone, was successful. However, the low 
solubility of the ketone lignin models, which has been reported, could prevent 
further CHA reaction.226,230 
The NMR analysis of the alcohol lignin model subjected to the CHA reaction also 
showed a change in structure. Comparing the 1H-NMR spectrum of the lignin 
model 32 before and after the product A1 (Figure 35), the appearance of 
hydrogens associated with methyl groups alpha to carbonyl units can be seen at 
0.98 ppm. However, these signals could be related to an alkylation of lignin model 
32 or residual olefin embedded in the polymer matrix.  At this point, the extent of 
the functionalization, if any, is unclear.  
Different reasons can potentially explain why the polymeric lignin models fails in 
the CHA reaction using catalyst 1. First, the presence of phenolic units in the 
polymers or any phenol generated from a catalytic C-O bond cleavage can cause 
some degree of deactivation of the catalyst as shown in Table 3. Second, as 
mentioned, poor solubility of the polymers 31 and 32 in the toluene solvent has 
been reported, which has led to the study of other solvent systems.226,230 A deeper 
investigation on catalyst 1 for the CHA of polymeric lignin models and lignin itself, 
should be conducted.  
3.3 Conclusion  
In this study, we have evaluated the alkylation of different lignin models based on 




Figure 34. Comparison of FTIR spectra of original alcohol polymeric lignin model 
32 and product A1 (See Table 10 for details). 
 






























Figure 35. 1H-NMR spectrum of original alcohol lignin model 32, and product A1 




phenolic lignin models interfere with the catalytic reaction, nonphenolic lignin 
models were found to be the best substrates for the CHA reaction under our 
conditions. We have found that the yield of alkylated product in monomeric ketone 
lignin models is a function of their degree of substitution. The methoxy groups 
create steric hindrance that reduce the rate of alkylation. Increasing the reaction 
time and the amount of olefin leads to the formation of dialkylated products. Similar 
results were found for ketone dimeric lignin models.  
We also evaluated the tandem oxidation/CHA reaction of benzylic alcohol lignin 
models using the Ru(II)H2(CO)(PPh3)3 catalyst. Although higher reaction time and 
olefin-to-substrate ratios are needed to get yields of alkylated product comparable 
to ketone lignin models, this method has a great potential for the functionalization 
of more realistic lignin models and lignin itself. When using the catalytic system in 
the alkylation of polymeric lignin models, both ketones and alcohol, the results 
were not as successful as when using the monomeric and dimeric lignin models. 
However, we believe this to be a result of poor solubility of the starting polymers 
and the initial ketone-substituted oxidation products. 
Future work should be directed toward the modification of the reactivity of the 
ruthenium catalyst in such way that the deactivation reactions can be minimized, 
favoring the steps of the organometallic C-H activation process as well as 
applications to natural lignin and other model systems. For example, ruthenium 
catalysts such as Ru(H)2(PPh3)4, Ru(CO)3(PPh3)2, Ru3(CO)12, and [Ru(p-
cymene)Cl2]2  have been reported as having high activity in catalytic C-C bond 
formation by CHA,225,236,237 and should be included in a next stage of this project.  
Even though the improvement of the catalytic efficiency of current CHA in the last 
years, this reaction suffers from a major limitation with regards to green chemistry 
concerning the toxicity solvents currently used.238 A future work should be focused 
on the evaluation of greener solvents able to solubilized the lignin models and at 
the same time allows the catalytic activity of the Ru catalysts.   
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3.4 Experimental  
Unless otherwise noted, reactions and manipulations were carried out under inert 
atmosphere (N2) using standard Schlenk techniques or in an inert atmosphere (N2) 
glove box at room temperature. All glassware was dried in an oven at 110 °C for a 
minimum of 10h prior to use. All reagents and solvents were purchased from 
commercial sources and were used as received. Flash column chromatography 
was performed on an automated chromatography system (Combiflash® Rf200 
Teledyne ISCO) using 400-632 mesh silica gel. The eluents employed are reported 
as volume/volume percentages. 1H and 13C spectra were recorded on a Varian 
Unity 400 MHz spectrometer. All NMR chemical shifts are reported as δ in parts 
per million (ppm) relative to the residual solvent signal or TMS. IR spectra were 
measured neat on a Perkin-Elmer Spectrum One FT-IR spectrometer with a 
diamond attenuated total reflective (ATR) accessory at 4 cm-1 resolution and are 
reported in cm-1. 
3.4.1 Synthesis of lignin models  
3.4.1.1 Synthesis of monomeric lignin models  
Different monomeric lignin model compounds were synthesized using a similar 
method to that reported in a previous study.  The detailed procedure is illustrated 
using the synthesis of compound 27c as an example.  
1-(3,4,5-Trimethoxyphenyl)-1-ethanol (27c).239 To a solution 
of a 3’,4’,5’-trimethoxy acetophenone (2.9550 g, 13.7 mmol) in MeOH (40 mL) was 
added NaBH4 (0.6165 g, 16.44 mmol) at 0 °C. After stirring the reaction mixture 
for 1 h, the mixture was poured into ice/water. The solution was extracted with 
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EtOAc (100 mL × 3), and the combined organic layers were washed with brine 
(100 mL × 3), dried over Na2SO4, and concentrated under vacuum. The crude 
material was purified by flash chromatography (eluent: 50% EtOAc/hexanes) to 
give 27c as a colorless thick oil (1.87 g, yield 72%), which matched previously 
reported data.240 1H NMR (400 MHz, chloroform-d) δ 6.53 (s, 2H), 4.76 (q, J = 6.4 
Hz, 1H), 3.78 (d, J = 12.3 Hz, 9H), 2.38 (s, 1H), 1.42 (d, J = 6.4 Hz, 3H). 13C NMR 
(101 MHz, chloroform-d) δ 153.17, 141.90, 136.92, 102.22, 70.42, 60.79, 56.04, 
25.25. 
 
1-(3,4-Dimethoxyphenyl)-1-ethanol (27b). To a solution of 3’,4’-
dimethoxyacetophenone (7.3857 g, 40 mmol) in methanol (80 ml) was added 
NaBH4, (1.8750 g, 60 mmol) according to the general procedure.  Compound 27b 
was isolated as a colorless thick oil (2.36 g, 31%), which matched previously 
reported data.241   1H NMR (400 MHz, chloroform-d) δ 6.90 (d, J = 2.0 Hz, 1H), 
6.84 (ddd, J = 8.2, 2.0, 0.6 Hz, 1H), 6.78 (d, J = 8.2 Hz, 1H), 4.79 (q, J = 6.4 Hz, 
1H), 3.83 (d, J = 7.5 Hz, 7H), 2.24 (s, 1H), 1.44 (d, J = 6.4 Hz, 3H). 13C NMR (101 
MHz, chloroform-d) δ 148.9, 148.2, 138.6, 117.5, 110.9, 108.7, 70.0, 55.9, 55.8, 
25.1. 
 
1-(4-Methoxyphenyl)-1-ethanol (27a). To a solution of 4’-
methoxyacetophenone (3.0514 g, 20 mmol) in methanol (40 ml) was added 
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NaBH4, (0.955 g, 24 mmol) according to the general procedure. Compound  27a 
was isolated as a colorless oil (1.95 g, 63%), which matched previously reported 
data.240 1H NMR (400 MHz, chloroform-d) δ 7.30 – 7.21 (m, 2H), 6.89 – 6.81 (m, 
2H), 4.80 (qd, J = 6.5, 1.2 Hz, 1H), 3.79 – 3.74 (m, 3H), 2.27 (s, 1H), 1.44 (dd, J = 
6.5, 1.1 Hz, 3H). 13C NMR (101 MHz, chloroform-d) δ 158.94, 138.15, 126.73, 
113.85, 69.91, 55.32, 25.08. 
3.4.1.2 Synthesis of β-O-4 dimeric lignin models  
Different β-O-4 dimeric lignin model compounds were synthesized using method 
similar to previous studies.204,242 The detail procedure is illustrated using the 
synthesis of compounds 21d.1, and  21d as an example (Figure 36. Synthesis of 
β-O-4 dimeric lignin model 21d.). 
2-Bromo-1-(3,4,5-trimethoxyphenyl)ethenone (21d.1).204 Br2 
(2.048 mL, 40 mmol) dissolved in dry CH2Cl2 (180 ml) was added dropwise to a 
solution of 3’,4’,5’-trimethoxyacetophenone (8.4092 g, 40 mmol) in dry CH2Cl2 (180 
mL). The reaction was stirred at room temperature for 12 hours.  The final reaction 
mixture was cooled to 0 °C and quenched with a solution of saturated Na2S2O3 
(100 ml, cooled to 5 °C). Then the mixture was washed with water (100 ml x 2) and 
brine (100 ml x 2). The organic phase was dried over Na2SO4 and concentrated 
under vacuum. The crude product was purified by recrystallization from ethanol to 
give 21d.1 as a light brown solid (8.54 g, yield 74%). Spectral data were in 
accordance with those previously reported.243 1H NMR (400 MHz, chloroform-d) δ 
7.24 (d, J = 0.6 Hz, 1H), 4.40 (d, J = 0.6 Hz, 1H), 3.93 (d, J = 0.6 Hz, 1H), 3.92 
(dd, J = 2.0, 0.6 Hz, 4H). 13C NMR (101 MHz, chloroform-d) δ 190.4, 153.3, 153.2, 








2-(Phenoxy)-1-(3,4,5-trimethoxyphenyl)ethenone (21d). 242 
To a solution of phenol (2.0742 g, 22 mmol) and K2CO3 (2.7642 g, 30 mmol) in dry 
DMF (180 mL) was added dropwise anhydrous 21d.1 (5.7826 g, 20 mmol) in DMF 
(180 ml). The reaction mixture was stirred for 16 h at room temperature and 
quenched by pouring it on ice water. The crude material was extracted with CH2Cl2 
(2 x 100 mL). The combined organic phases were washed with water (3 x 100 mL), 
brine (2 x 100 ml), and dried over Na2SO4, concentrated under vacuum, and 
purified by recrystallization from ethanol to give 21d as a light brown solid (2.19 g, 
yield 36%). Spectral data were in accordance with those previously reported.244 1H 
NMR (400 MHz, chloroform-d) δ 7.26 (s, 2H), 7.31 – 7.21 (m, 1H), 7.01 – 6.87 (m, 
3H), 5.19 (s, 2H), 3.89 (dd, J = 9.9, 0.6 Hz, 9H). 13C NMR (101 MHz, chloroform-
d) δ 193.6, 158.0, 153.2, 143.2, 129.7, 129.6, 121.7, 114.8, 105.8, 70.96, 60.9, 
56.3.  
2-Bromo-1-(3,4-dimethoxyphenyl)ethenone (21c.1).204 A 
solution of Br2 (2.05 mL, 40 mmol) in dry CH2Cl2 (100 ml) was added dropwise to 
a solution of 3’,4’-dimethoxyacetophenone (7.3805 g, 40 mmol) in dry CH2Cl2 (200 
mL) according to the general procedure. Compound 21c.1 was isolated as a white 
solid (2.26 g, yield 44%). Spectral data were in accordance with those previously 
reported. 1H NMR (400 MHz, chloroform-d) δ 7.58 (dd, J = 8.4, 2.1 Hz, 1H), 7.51 
(d, J = 2.1 Hz, 1H), 6.88 (d, J = 8.4 Hz, 1H), 4.39 (d, J = 0.5 Hz, 2H), 3.92 (d, J = 
9.4 Hz, 6H). 13C NMR (101 MHz, chloroform-d) δ 190.0, 153.9, 149.3, 127.0, 123.8, 




To a solution of phenol (0.800 mg, 8.5 mmol) and K2CO3 (1.0642 g, 11.55 mmol) 
in dry DMF (100 mL) was added dropwise a solution of 21c.1 (2.0173 g, 7.7 mmol) 
in DMF (100 ml), according to the general procedure. Compound 21c 1 was 
isolated as a light brown solid (1.15 mg, yield 55%). Spectral data were in 
accordance with those previously reported.235,245 1H NMR (400 MHz, chloroform-
d) δ 7.63 (dt, J = 8.4, 1.7 Hz, 1H), 7.55 (t, J = 1.7 Hz, 1H), 7.26 (m, J = 7.3, 1.3 Hz, 
2H), 6.92 (m, J = 16.1, 14.9, 7.9, 1.3 Hz, 4H), 5.20 (d, J = 1.3 Hz, 2H), 3.92 (dd, J 
= 8.7, 1.3 Hz, 6H). 13C NMR (101 MHz, chloroform-d) δ 193.2, 158.2, 153.9, 149.3, 
129.5, 127.7, 122.8, 121.6, 114.8, 110.4, 110.1, 70.7, 56.1, 56.0.  
  
2-Bromo -1-(4-methoxyphenyl)ethenone (21b.1).204 A 
solution of Br2 (1.27 mL, 25 mmol) in dry CH2Cl2 (100 ml) was added dropwise to 
a solution of 4’-methoxyacetophenone (3.7924 g, 25 mmol) in dry CH2Cl2 (200 mL) 
according to the general procedure. Compound 21b.1 was isolated as a white solid 
(2.18 g, yield 38%). 1H NMR (400 MHz, chloroform-d) δ 8.00 – 7.89 (m, 2H), 6.99 
– 6.89 (m, 2H), 4.39 (d, J = 0.7 Hz, 2H), 3.87 (d, J = 0.7 Hz, 3H). 13C NMR (101 
MHz, chloroform-d) δ 189.9, 164.1, 131.3, 126.9, 114.0, 55.5, 30.7. 
 
2-(Phenoxy)-1-(4-methoxyphenyl)ethenone (21b). To a 
solution of phenol (0.9 g, 9.57 mmol) and K2CO3 (1.2024 g, 13.05 mmol) in dry 
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DMF (100 mL) was added dropwise a solution of 21b.1 (1.9526 g, 8.7 mmol) in 
DMF (100 ml) according to the general procedure. Compound 21b was isolated as 
a light brown solid (858.2 mg, yield 45%). Spectral data were in accordance with 
those previously reported.242,246 1H NMR (400 MHz, chloroform-d) δ 8.04 – 7.96 
(m, 2H), 7.33 – 7.23 (m, 2H), 7.01 – 6.90 (m, 5H), 5.20 (s, 2H), 3.87 (s, 3H). 13C 
NMR (101 MHz, chloroform-d) δ 193.1, 164.0, 158.1, 130.5, 129.5, 127.6, 121.5, 
114.8, 113.9, 70.7, 55.5.  
  
2-Phenoxy-1-phenylethanone (21a). To a solution of phenol 
(2074.2 g, 22 mmol) and K2CO3 (2.7642 g, 30 mmol) in dry DMF (180 mL) was 
added dropwise a solution of 2-bromo-1-phenylethanone (SigmaAldrich®, 3.9810 
g, 20 mmol) in dry DMF (180 ml), according to the general procedure. Compound 
21a was isolated as a white solid (2.92 g, yield 69%). Spectral data were in 
accordance with those previously reported.235,247 1H NMR (400 MHz, chloroform-
d) δ 8.06 – 7.97 (m, 2H), 7.67 – 7.57 (m, 1H), 7.55 – 7.45 (m, 2H), 7.35 – 7.24 (m, 
2H), 7.04 – 6.91 (m, 3H), 5.27 (s, 2H). 13C NMR (101 MHz, chloroform-d) δ 194.6, 
158.1, 134.7, 133.9, 129.67, 128.9, 128.2, 121.7, 114.9, 70.9.  
 
2-Phenoxy-1-phenylethanol (30).204 A solution of 21a (1.6979 
g, 8 mmol) in MeOH (10 mL) was  cooled on an ice bath, and NaBH4 (453.9 mg, 
12 mmol) was added portionwise. After stirring the mixture overnight at room 
temperature, the mixture was poured on ice water. An excess of NH4Cl was added 
(pH 5-6) and the reaction mixture was stirred for 1h. The crude product was 
extracted with diethyl ether (3 × 50 mL). The combined organic extracts were 
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washed with brine (100 mL) and dried over anhydrous Na2SO4. The crude product 
was purified by flash column chromatography (eluent: 60% EtOAc/hexanes) to 
give 21a as a white solid (1.59 g, yield 92%). Spectral data were in accordance 
with those previously reported.235 1H NMR (400 MHz, chloroform-d) δ 7.50 – 7.25 
(m, 7H), 6.99 (tt, J = 7.4, 1.1 Hz, 1H), 6.99 – 6.89 (m, 2H), 5.13 (dd, J = 8.8, 3.2 
Hz, 1H), 4.11 (dd, J = 9.6, 3.2 Hz, 1H), 4.02 (dd, J = 9.6, 8.8 Hz, 1H), 2.93 (s, 1H). 
13C NMR (101 MHz, chloroform-d) δ 158.4, 139.7, 129.6, 128.6, 128.2, 126.3, 
121.3, 114.7, 73.3, 72.5.  
3.4.1.3 Synthesis of polymeric lignin models  
A polymeric lignin model compounds was synthesized using a similar method to 
that reported in a previous study (Figure 37).226  
 
 Poly(4-hydroxyacetophenone) (31).226 To a stirred solution 
of 2-bromo-1-(4-hydroxyphenyl)ethanone (SigmaAldrich®, 4.3010 g, 20 mmol) in 
anhydrous DMF (30 mL), anhydrous K2CO3 (2764.2 mg, 30 mmol) was added. The 
reaction mixture was heated to 50 °C for 5 h under N2. At the end of the reaction 
the mixture was poured on ice water (200 ml). The resulting precipitate was 
washed with water and methanol, and then dried in vacuo to give poly(4’-
hydroxyacetophenone) as a grey solid (2.3175 g, 86% yield). 1H NMR (400 MHz, 
DMSO-d6) δ 7.95 – 7.84 (m, 4H), 7.05 (s, 2H), 6.90 – 6.83 (m, 1H), 5.61 (d, J = 
16.0 Hz, 2H), 5.40 (s, 1H), 2.85 (s, 3H), 2.69 (s, 4H). IR (neat): 3992.9, 3516, 
3376.8, 3190.8, 3072.8, 2901.3, 2607.8, 1690.9, 1595.4, 1508.1, 1420.5, 1219.7, 









Figure 38. IR spectrum of poly(4’-hydroxyacetophenone). 
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 Poly(4’-hydroxy-1-phenethanol) (32).226 To a stirred 
suspension of poly(4-hydroxyacetophenone) (200 mg) in DMSO (10 ml), NaBH4 
(230 mg) was added. The reaction mixture was kept at 50 °C for 24 h. The reaction 
mixture was poured into ice water (200 ml). An excess of NH4Cl was added (pH 5-
6) and the reaction mixture was stirred for 1 hour. The obtained precipitate was 
filtered, washed with water and dried in vacuo to give poly(4’-hydroxy-1-
phenethanol) as a white solid (417.7 mg). Spectral data were in accordance with 
those previously reported.204,226 1H NMR (400 MHz, DMSO-d6) δ 7.29 (d, J = 8.1 
Hz, 2H), 6.86 (d, J = 8.1 Hz, 2H), 5.49 (d, J = 4.7 Hz, 1H), 4.81 (q, J = 5.3 Hz, 1H), 
3.96 – 3.87 (m, 2H). 13C NMR (101 MHz, DMSO-d6) δ 157.8, 134.5, 130.5, 127.6, 
127.5, 115.4, 114.8, 114.15, 73.1 70.4, 40.43. IR (neat): 3341.9, 2922.8, 2872.6, 
2352.7, 2128.8, 1698.4, 1600, 1509.2, 1452.8, 1234.1, 1171.4, 1083.6, 1027.1, 
979.9, 907.2, 827.8 cm-1 (see Figure 39 ). 
3.4.2 General procedure for the C-C coupling of monomeric and dimeric 
lignin models and olefins via CHA using ruthenium catalysts.  
In a glovebox, the lignin modes, the olefin, the ruthenium catalyst and toluene were 
combined in a heavy-walled borosilicate glass pressure tube capped with a Teflon 
screw-top stopper and Viton O-ring. The mixture was heated in a heating block 
under vigorous stirring. After the specified reaction time, the solvent was removed 
by rotatory evaporation under vacuum. The reaction products were separated by 




Figure 39. IR spectrum of poly(4’-hydroxy-1-phenethanol). 
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3.4.3 Characterization of compounds  
3.4.3.1 Products that have been previously described.  
 1-(2-(2-(Triethoxysilyl)ethyl)phenyl)ethan-1-one (10a) 
Lignin model 9a (240.3 mg, 2 mmol) was mixed with olefin 11 (380.62 mg, 2 mmol) 
and catalyst 1 (74 mg, 0.08 mmol) in toluene according to the general procedure. 
Compound 10a (465.72 mg, 75%) was isolated as a brown oil. 1H NMR (400 MHz, 
chloroform-d) δ 7.61 (dd, J = 7.7, 1.4 Hz, 1H), 7.38 (td, J = 7.5,   1.4 Hz, 1H), 7.29 
(ddd, J = 7.7, 1.4, 0.6 Hz, 1H), 7.24 (td, J = 7.5, 1.4 Hz, 1H), 3.84 (q, J = 7.0 Hz, 
6H), 2.99 – 2.90 (m, 2H), 2.57 (d, J = 0.6 Hz, 3H), 1.23 (t, J = 7.0 Hz, 8H), 1.02 – 
0.91 (m, 2H). 13C NMR (101 MHz, chloroform-d) δ 201.78, 144.65, 137.32, 131.29, 
130.43, 128.85, 125.44, 58.15, 29.62, 27.09, 18.09, 12.72. HRMS (DART-TOF) 
calculated for C14H21O3Si (M-OEt)+: 265.12599; found: 256.12568 
 
 1-(4-Methoxy-2-(2-(triethoxysilyl)ethyl)phenyl)ethan-1-
one (10b). Lignin model 9b (302.9.3 mg, 2 mmol) was mixed with olefin 11 (380.62 
mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to the general 
procedure. Compound 10a (576.71 mg, 75%) was isolated as a brown oil. 1H NMR 
(400 MHz, chloroform-d) δ 7.70 (d, J = 8.6 Hz, 1H), 6.78 (d, J = 2.6 Hz, 1H), 6.72 
(dd, J = 8.6, 2.7 Hz, 1H), 4.04 (s, 1H), 3.91 – 3.79 (m, 8H), 3.05 – 2.95 (m, 2H), 
2.52 (s, 2H), 1.23 (t, J = 7.0 Hz, 7H), 0.97 (q, 2H). 13C NMR (101 MHz, chloroform-
d) δ 199.21, 161.84, 148.53, 132.36, 129.15, 115.87, 110.30, 58.12, 55.03, 29.43, 
 83 
 
29.02, 18.06, 12.29. HRMS (DART-TOF) calculated for C15H23O4Si (M-OEt)+: 
295.13656; found: 295.13815 
 
1-(4,5-Dimethoxy-2-(2-   (triethoxysilyl)ethyl)phenyl)-ethan-
1-one (14). ). Lignin model 13d (360.4 mg, 2 mmol) was mixed with olefin 11 
(380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to 
the general procedure. Compound 14 (630.0 mg, 85%) was isolated as a brown 
oil.  1H NMR (400 MHz, chloroform-d) δ 3.90 (dd, J = 8.7, 1.5 Hz, 3H), 3.90 – 3.78 
(m, 3H), 2.99 – 2.89 (m, 1H), 2.55 (s, 1H), 1.23 (td, J = 7.0, 1.3 Hz, 4H), 1.01 – 
0.91 (m, 1H). 13C NMR (101 MHz, chloroform-d) δ 199.63, 151.66, 146.22, 140.21, 
129.03, 113.30, 113.17, 58.37, 56.18, 55.90, 29.56, 27.51, 18.29, 12.97. HRMS 
(DART-TOF) calculated for C16H25O5Si (M-OEt)+: 325.14712; found: 325.14716 
 
1-(3,4,5-Trimethoxy-2-(2-(triethoxysilyl)ethyl)phenyl)- 
ethan-1-one (15). Lignin model 13e (420.46 mg, 2 mmol) was mixed with olefin 11 
(380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to 
the general procedure. Compound 14 (457.0 mg, 57%) was isolated as a brown 
oil.   1H NMR (400 MHz, chloroform-d) δ 6.82 (d, J = 1.2 Hz, 1H), 3.85 – 3.71 (m, 
15H), 2.80 – 2.71 (m, 2H), 2.52 – 2.37 (m, 3H), 1.22 – 1.09 (m, 9H), 0.91 – 0.79 
(m, 2H). 13C NMR (101 MHz, chloroform-d) δ 201.0, 152.1, 150.8, 144.9, 133.6, 
131.9, 108.1, 60.8, 60.5, 58.2, 58.2, 56.1, 29.9, 20.0, 18.2, 12.5. HRMS (DART-
TOF) calculated for C17H27O6Si (M-OEt)+: 355.156693; found: 355.15572 
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3.4.3.2 Products that have not been previously described.  
 
1-(2-(3,3-Dimethylbutyl)-4,5-dimethoxyphenyl)ethan-1-one 
(16). Lignin model 13d (367.70 mg, 2 mmol) was mixed with olefin 11 (380.62 mg, 
2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to the general 
procedure. Compound 14 (37.2 mg, 7%) was isolated as a brown oil. IR (neat): 
2950.9, 2609.7, 1675.1, 1567.5, 1515.5, 1464, 1358.8, 1262.2, 1207.3, 1149.4, 
1057.6, 941.09, 861.5, 770.2, 660.7, 563.8 cm-1. 1H NMR (400 MHz, chloroform-
d) δ 7.18 (s, 1H), 6.68 (s, 1H), 3.90 (dd, J = 12.1, 0.5 Hz, 6H), 2.86 – 2.77 (m, 2H), 
2.55 (d, J = 0.6 Hz, 3H), 1.46 – 1.37 (m, 2H), 0.97 (d, J = 0.6 Hz, 9H). 1H NMR 
(400 MHz, chloroform-d) δ 7.18 (s, 1H), 6.68 (s, 1H), 3.90 (dd, J = 12.1, 0.5 Hz, 
6H), 2.86 – 2.77 (m, 2H), 2.55 (d, J = 0.6 Hz, 3H), 1.46 – 1.37 (m, 2H), 0.97 (d, J 
= 0.6 Hz, 9H). 13C NMR (101 MHz, chloroform-d) δ 199.7, 151.6, 146.1, 138.9, 
129.4, 113.7, 113.2, 56.1, 55.8, 46.3, 30.6, 29.6, 29.5, 29.2. / HRMS (DART-TOF)  
Calculated for C16H25O3 (M+H)+: 265.180370; found 265.18117. 
1-(2,6-Bis(3,3-dimethylbutyl)-3,4-
dimethoxyphenyl)ethan-1-one (17). Lignin model 13d (367.70 mg, 2 mmol) was 
mixed with olefin 11 (380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in 
toluene according to the general procedure. Compound 14 (536.8 mg, 76%) was 
isolated as yellowish solid. Mp: 79-81 °C. IR (neat): 3376.9, 3184.0, 2953, 2865.8, 
2715.7, 2642.8, 2003.0, 1698.1, 1592.9, 1460.5, 1409.6, 1362.9, 1321.8, 1281.9, 
1237.4, 1191.1, 1134.6, 1094, 1025.5, 983.2, 838.9, 695.5, 553.75 cm-1. 1H NMR 
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(400 MHz, chloroform-d) δ 6.56 (s, 1H), 3.85 (s, 3H), 3.80 (d, J = 0.5 Hz, 3H), 2.47 
(s, 2H), 2.49 – 2.34 (m, 5H), 1.49 – 1.35 (m, 4H), 0.93 (d, J = 0.8 Hz, 19H). 1H 
NMR (400 MHz, chloroform-d) δ 6.56 (s, 1H), 3.85 (s, 3H), 3.80 (d, J = 0.5 Hz, 3H), 
2.47 (s, 2H), 2.49 – 2.34 (m, 5H), 1.49 – 1.35 (m, 4H), 0.93 (d, J = 0.8 Hz, 19H). 
13C NMR (101 MHz, chloroform-d) δ 207.3, 152.7, 145.2, 135.5, 133.8, 132.3, 
111.1, 60.7, 55.8, 46.6, 45.4, 33.4, 30.7, 30.7, 30.7, 29.3, 29.2, 28.7, 23.4. HRMS 
(DART-TOF) Calculated for C22H37O3 (M+H)+: 349.274270; found: 349.27538. 
 
1-(2-(3,3-Dimethylbutyl)-3,4,5-trimethoxyphenyl)ethan-1-
one (18). Lignin model 13e (429.0 mg, 2 mmol) was mixed with olefin 11 (380.62 
mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to the general 
procedure. Compound 18 (110.0 mg, 18%) was isolated as a brown oil. IR (neat): 
2948.8, 2864.3, 1684.0, 1592.7, 1491.3, 1449.8, 1398.8, 1332.6, 1246.4, 1199.2, 
1110.6, 1059.6, 981.7, 943.4, 835.9, 693.9, 643.5, 583.3, 524.3 cm-1. 1H NMR (400 
MHz, chloroform-d) δ 6.90 (s, 1H), 3.91 (s, 3H), 3.88 (d, J = 0.8 Hz, 6H), 2.78 – 
2.69 (m, 2H), 2.55 (s, 3H), 1.43 – 1.34 (m, 2H), 0.98 (s, 9H). 13C NMR (101 MHz, 
chloroform-d) δ 201.29, 152.41, 150.70, 145.00, 134.03, 130.43, 108.13, 60.97, 
60.66, 56.12, 45.31, 30.68, 30.12, 29.13, 22.04. HRMS (DART-TOF) Calculated 
for C17H27O4 (M+H)+: 295.190934; found: 295.19237. 
 1-(2,6-Bis(3,3-dimethylbutyl)-3,4,5-
trimethoxyphenyl)ethan-1-one (19). Lignin model 13e (429.0 mg, 2 mmol) was 
mixed with olefin 11 (380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in 
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toluene according to the general procedure. Compound 19 (556.8 mg, 72%) was 
isolated as a yellowish solid. Mp: 57-60 °C. IR (neat): 2952.8, 2867.3, 1695.8, 
1572.2, 1466.3, 1408.8, 1333.8, 1293.4, 1246.5, 1198.3, 1101.9, 1015.7, 977.1 
896.3, 808.9, 700.6, 586.2 cm-1. 1H NMR (400 MHz, chloroform-d) δ 3.88 (s, 3H), 
3.86 (s, 6H), 2.48 (s, 3H), 2.41 – 2.32 (m, 4H), 1.42 – 1.33 (m, 4H), 0.93 (s, 18H). 
13C NMR (101 MHz, chloroform-d) δ 206.84, 150.17, 146.35, 138.21, 126.66, 
60.89, 60.39, 45.36, 33.19, 30.59, 29.03, 23.1. HRMS (DART-TOF) Calculated for 




one (28). Lignin model 27a (304.38 mg, 2 mmol) was mixed with olefin 11 (380.62 
mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to the general 
procedure. Compound 28 (528.7 mg, 50%) was isolated as a brown oil. IR (neat): 
2952.3, 2867.0 1694.4, 1601.5, 1466.5, 1364.3, 1320.0, 1246.9, 1192.7, 1154.1, 
1078.9, 1033.0, 966.0,  861.7, 777.3, 735.5, 623.9, 561.28 cm-1. 1H NMR (400 
MHz, chloroform-d) δ 6.56 (s, 2H), 3.78 (s, 3H), 2.47 (s, 3H), 2.43 (q, 5H), 1.46 (q, 
4H), 0.93 (s, 17H). 13C NMR (101 MHz, chloroform-d) δ 207.94, 159.67, 140.08, 
135.02, 112.19, 55.18, 46.48, 33.39, 30.62, 29.25, 28.86. HRMS (DART-TOF) 






(22). Lignin model 21a (428.52 mg, 2 mmol) was mixed with olefin 11 (380.62 mg, 
2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene according to the general 
procedure. Compound 22 (311.5 mg, 52%) was isolated as a brown oil. IR (neat): 
2952.3, 2865.7, 1704.2, 1599.6, 1494.7, 1364.1, 1302.4, 1209.5, 1084.6, 967.2, 
881.8, 751.1, 690.1, 615.14, 509.12 cm-1. 1H NMR (400 MHz, chloroform-d) δ 0.87 
– 1.00 (m, 2H), 0.95 (s, 9H), 1.39 – 1.51 (m, 2H), 2.75 – 2.86 (m, 3H), 5.10 (s, 2H), 
6.88 – 6.97 (m, 2H), 6.93 – 7.02 (m, 1H), 7.19 – 7.35 (m, 5H), 7.35 – 7.47 (m, 1H), 
7.57 – 7.64 (m, 1H). HRMS (DART-TOF) calculated for C20H25O2 (M+H)+: 
297.18545 ; found: 297.18416. 
 
1-(2-(3,3-Dimethylbutyl)-4-methoxyphenyl)-3-
phenylpropan-1-one (23). Lignin model 21b (484.54 mg, 2 mmol) was mixed with 
olefin 11 (380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene 
according to the general procedure. Compound 23 (282.6 mg, 43%) was isolated 
as a brown oil. IR (neat): 2952.3, 2865.3, 1692.7, 1600.1, 1494.8, 1364, 1211.5, 
1148.4, 1085.1, 969.6, 909.62, 874.6, 811.8, 752.3, 690.3, 613.0, 574.3, 507.8 cm-
1. 1H NMR (400 MHz, chloroform-d) δ 7.71 (d, J = 8.6 Hz, 1H), 7.31 – 7.21 (m, 2H), 
7.00 – 6.91 (m, 2H), 6.95 – 6.88 (m, 1H), 6.82 – 6.69 (m, 2H), 5.09 (s, 2H), 3.83 
(s, 3H), 2.94 – 2.85 (m, 2H), 1.50 – 1.40 (m, 2H), 0.97 (s, 9H). 13C NMR (101 MHz, 
chloroform-d) δ 195.95, 162.50, 158.10, 148.53, 131.59, 129.51, 126.89, 121.48, 
117.07, 114.87, 110.52, 71.71, 55.31, 46.08, 30.70, 29.85, 29.33. HRMS (DART-






phenylpropan-1-one (24). Lignin model 21b (484.54 mg, 2 mmol) was mixed with 
olefin 11 (380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene 
according to the general procedure. Compound 24 (156.1 mg, 19%) was isolated 
as a brown oil. IR (neat): 2952.3, 2866.3, 1699.4, 1599.5, 1494.5, 1364.5, 1321.3, 
1244.9, 1211.1, 1151.9, 1083.6, 1026.0, 970.33, 863.14, 752.01, 690.4, 542.4, 
508.2 cm-1. 1H NMR (400 MHz, chloroform-d) δ 7.35 – 7.22 (m, 2H), 7.03 – 6.87 
(m, 3H), 6.60 (s, 2H), 4.84 (s, 2H), 3.81 (s, 3H), 2.51 – 2.39 (m, 4H), 1.52 – 1.39 
(m, 4H), 0.90 (s, 18H). 13C NMR (101 MHz, chloroform-d) δ 204.93, 160.33, 
158.04, 141.52, 130.66, 129.54, 129.50, 121.78, 115.23, 114.86, 112.12, 110.50, 
74.51, 55.17, 46.33, 46.08, 30.55, 29.83, 29.31, 29.17, 28.94. HRMS (DART-TOF) 




phenoxyethan-1-one (25). Lignin model 21c (544.6 mg, 2 mmol) was mixed with 
olefin 11 (380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene 
according to the general procedure. Compound 25 (204.01 mg, 28%) was isolated 
as a brown oil. IR (neat): 2950.6, 2864.1, 2611.6, 1693.7, 1600.2, 1495.2, 1364, 
1264, 1202.4, 1143.2, 1083.2, 1009.9, 935.32, 861.6, 752.7, 690.9, 572.5, 508.8 
cm-1. 1H NMR (400 MHz, chloroform-d) δ 7.36 – 7.26 (m, 2H), 7.00 (td, J = 7.3, 1.1 
Hz, 1H), 7.00 – 6.91 (m, 2H), 6.76 (s, 1H), 5.12 (s, 2H), 3.94 (d, J = 22.9 Hz, 6H), 
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2.91 – 2.82 (m, 2H), 1.51 – 1.42 (m, 2H), 1.00 (s, 9H). 13C NMR (101 MHz, 
chloroform-d) δ 196.6, 157.9, 152.2, 152.2, 140.0, 129.5, 126.3, 121.5, 114.8, 
113.8, 112.4, 72.17, 56.2, 55.9, 46.3, 30.6, 29.3, 29.3. HRMS (DART-TOF) 
calculated for C22H29O4 (M+H)+: 357.20658; found: 357.20443. 
 
1-(2-(3,3-Dimethylbutyl)-3,4,5-trimethoxyphenyl)-2-
phenoxy ethenone (26). Lignin model 21d (544.6 mg, 2 mmol) was mixed with 
olefin 11 (380.62 mg, 2 mmol) and catalyst 1 (74 mg, 0.08 mmol) in toluene 
according to the general procedure. Compound 26 (83.0 mg, 10%) was isolated 
as a brown oil. IR (neat): 2948.3, 1702.9, 1598.4, 1493.7, 1399.3, 1333.6, 1244.9, 
1130.9, 1059.2, 1004.7, 940.62, 830.14, 753.0, 690.9, 508.35 cm-1. 1H NMR (400 
MHz, chloroform-d) δ 7.33 – 7.20 (m, 2H), 6.98 (t, J = 7.3 Hz, 1H), 6.95 – 6.86 (m, 
3H), 5.05 (s, 2H), 3.92 (s, 3H), 3.86 (d, J = 11.6 Hz, 6H), 2.96 – 2.45 (m, 2H), 1.42 
– 1.33 (m, 2H), 0.95 (s, 9H). 13C NMR (101 MHz, chloroform-d) δ 198.2, 157.9, 
152.6, 150.9, 131.4, 130.7, 129.5, 121.7, 114.9, 107.8, 72.3, 61.0, 60.7, 56.2, 45.4, 






DEACTIVATION OF CO-SCHIFF BASE CATALYSTS IN THE 




4.1 Introduction  
Since their first synthesis in the 1930s, metal-Schiff base complexes have been 
intensively investigated.108,109 One of the most important cobalt-Schiff base 
applications is the catalytic oxidation of substituted phenols for quinone 
production.17,97-99,102,110-121 As mentioned in Chapter 1, quinones are active 
biological molecules that participate in cellular process and have different industrial 
applications.120,125-129 
The production of quinone from phenols is based on the Co-Schiff base complex’s 
capacity to bind oxygen to form superoxo radicals.97,112,115,116,122-124 The most 
accepted reaction mechanism for the Co-Schiff base-catalyzed oxidation of 
phenols is shown in Figure 40.116,119,120,248,249 The oxidation of para-substituted 
phenolic lignin models is initiated when a four-coordinate Co-Schiff base catalyst, 
denoted as L4Co(II), binds molecular oxygen in the presence of an axial ligand (B) 
to produce a superoxo radical complex 1.97,250-254 The superoxo adduct 1 abstracts 
a phenolic hydrogen from 2 giving a phenoxy radical 4 and a hydroperoxo metal 
complex 3 that breaks down to re-generate the starting catalyst. The reaction of 4 
with a second molecule of Co-superoxo radical affords the intermediate peroxy-
para-quinolato cobalt complex 5 that is isolable under some conditions.116,156,255 
Finally, the elimination of a molecule of formaldehyde from the peroxy-para-
quinolatocobalt complex generates the quinone 6 and the Co-hydroxy species 7, 
which is known to be catalytically active in the oxidation of phenols.156,256 The 
preference for the oxidation reaction at para-position is attributed to the bulkiness 
of Co(salen)-superoxo complexes.120 
Despite the current advances in the oxidation of para-substituted phenolic lignin 
models and lignin using Co-Schiff base catalysts, some issues, like catalyst 




Figure 40. Oxidation of vanillyl and syringyl alcohol with a 4-coordinate Co-Schiff 




the most critical aspects in homogeneous transition metal catalysis.258 Collectively, 
multiple pathways are available for catalyst deactivation and include ligand 
degradation, metal deposition, dimer formation, or reaction with the products, the 
solvent or the substrate. Each of these processes stop or inhibit the formation of 
the desired products.259,260  
Loss of catalytic activity in the Co-Schiff base catalyzed oxidation of syringyl 
alcohol to DMBQ can occur by the formation of inactive species during reaction. 
Bozell et al. described that Co-Schiff base complexes react with either oxygen 
alone or with oxygen and a substrate of low reactivity to generate a new complex 
with no catalytic activity.97 Deactivation of the catalyst due to oxidation of the ligand 
system of the cobalt complex as well as formation of a dimeric μ-peroxo cobalt 
complex have been reported in the cobalt-Schiff base catalyzed oxidation of olefins 
by dioxygen.261 Formation of Co(salen)-OH has been suggested to reduce the 
catalytic activity during hydrolytic kinetic resolution of epichlorohydrin, but this 
species is active in phenol oxidation.250,262 Deactivation by reaction of the catalyst 
with undefined products was reported in the oxidation of 2,6-di-tert-butylphenol to 
2,6-di-tert-butyl-para-benzoquinone. The exact identity of the inhibitor and 
mechanism of such deactivation was not established, although organic acids were 
proposed.116,250  
It has been reported that quinones are able to deactivate some homogeneous 
transition metal catalysts and enzymes. For example, cobalt catalyzed oxidation 
of hydrocarbons (ortho-xylene and tetralin) was inhibited when 1,2-
naphthoquinone formed a complex with the catalyst leading to precipitate 
formation, color changes,  and loss of catalytic activity.263 Also, the inhibition of 
Cytochrome P450 enzymes by quinones was studied.264  
However, Co-Schiff base catalyst deactivation by quinones has not been reported 
before. Formation of quinone-Co adducts and electron transfer (ET) reactions are 
two important kind of processes known to take place between quinones and Co-
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Schiff base complexes.136,138,146,265-267 ET reactions between quinones and Co-
Schiff base complexes, without the formation of adducts, have been studied 
before, but not as a means of catalyst deactivation.136,268-270 Quinone-ET reactions 
are the basis of some catalytic systems, such as the use of quinones as redox 
shuttles in Pd-catalyzed 1,4-diacetoxylation of cyclohexadiene.271 Formation of 
adducts between Co-Schiff complexes and quinones was studied as a way to 
model reactions in respiration and photosynthesis, but those studies were not 
related with a loss of catalytic activity.136,137,148  
Given that our ongoing work in Co-Schiff base catalyzed oxidation of lignin and 
lignin models led to the formation of quinones as primary products, we decided to 
examine whether these products could also serve to deactivate the Co catalyst. In 
this chapter, we describe experiments that evaluate the effect of different quinones 
on the deactivation of Co-Schiff base catalysts and the conditions that originate 
this deactivation. Also, we report an electrochemical characterization of some 
quinones and Co-Schiff base catalysts, as well as the synthesis and 
characterization of Co-Schiff base-quinone complexes. We discuss two different 
mechanisms of deactivation for the Co-Schiff base catalyst in the oxidation of 
phenols. The study of the conditions that lead to deactivation of the Co-Schiff base 
complexes will allow the design of a new generation of catalysts for the oxidation 
of lignin models that can be resilient towards the deactivation by quinones and 
expand the sustainable chemical industry based on lignocellulosic biomass.97 
4.3 Results and discussion   
4.3.1 Deactivation of Cobalt-Schiff base catalysts in the oxidation of syringyl 
alcohol 2.  
We started our study by comparing the effect of the three quinones (2,6-dimethoxy-
1,4-benzoquinone (DMBQ, 6a), 2-methoxy-1,4-benzoquinone (MMBQ, 6b), and 
1,4-benzoquinone (1,4-BQ, 6c)) on the deactivation of Cobalt-Schiff base 
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catalysts. These quinones represent the products that might be observed in the 
oxidation of different lignin sources (e. g., hardwood, softwood or herbaceous 
feedstocks, respectively). Three Co-Schiff base catalysts, 5-coordinate 
(pyridine)[N,N′-bis(salicylidene)ethylenediamino]cobalt(II) (Co(II)(Salen)/py, 8) 
and [N,N′-bis[(salicylidenamino)ethyl]amine]cobalt(II) (Co(II)(N-Me Salpr), 9), and 
4-coordinate N,N′-bis[(3,5-di-tert-butylsalicylidene)-1,2-
cyclohexanediamino]cobalt(II) (Co(II)(Salen*), 10) (Figure 41) were studied.  
Each quinone and the Co-Schiff base catalyst were incubated in methanol for 48h, 
and the quinone-catalyst mixtures were tested for their ability to oxidize 2 and 
produce 6a (Figure 41). The conversion of 2 and the yield of 6a were determined 
by HPLC. 
Catalyst 8 gave both the highest yield of DMBQ and conversion of 2 when no 
quinone was added to the oxidation reaction (Table 11, entry 1). Quinone 6a had 
no effect on the yield of DMBQ and the conversion of 2 by using catalyst 8 (Table 
11, entry 2). But when this catalyst was exposed to quinones 6b and 6c the DMBQ 
yield was drastically reduced to 44 and 29 %, respectively, and the conversion of 
2 dropped to 51 and 34%, respectively (Table 11, entries 3 and 4). 
In the absence of quinone, catalyst 9 also gave a high conversion of 2, but the 
yield of DMBQ was lower than catalyst 8 (Table 11, entry 5). Exposing catalyst 9 
to both quinones 6b and 6c reduced the conversion of 2 and the DMBQ yield 
(Table 11, entries 7 and 8), although the amount of reduction was lower than for 
8. Finally, when catalyst 9 was incubated with 6a, no significant effect on 
conversion of 2 and DMBQ yield was observed. (Table 11, entries 6). 
Unlike the five coordinate catalysts 8 and 9, the 4-coordinate Co-Schiff base 10 
was not affected by any of the studied quinones. In all the cases that this catalyst 
was used, the lignin model was oxidized to DMBQ in high yield regardless of the 









Table 11. Oxidation of 2 with Co-Schiff base catalysts 8, 9 and 10 in presence of 
quinones 6a-c (entry number shown inside each bar). 
 
 




Since the oxidation of 2 generally affords DMBQ 6a as a precipitate, we decided 
to evaluate the effect of quinone solubility on the deactivation of the Co-Schiff base 
catalyst. The solubility of quinones 6a, 6b and 6c in MeOH are 12.9, 17.6, and 
73.9 mg/ml, respectively (see Experimental section). Comparing the conversion of 
2 and the DMBQ yield (Table 11) with the quinone solubilities, we conclude that 
there is not a direct correlation between them (Figure 42). Whereas the solubility 
of quinones 6a and 6b in methanol is quite similar, their effect on the deactivation 
of catalyst 8 and 9 is very different (Table 11, entries 2 and 3, and 6 and 7, 
respectively). Similarly, quinones 6b and 6c produce a noticeable loss in the 
catalytic activity of complexes 8 and 9 (Table 11, entry 3 and 4, and 7 and 8, 
respectively), despite their significant difference in solubility. Finally, for catalyst 
10, differences in quinone solubility do not have any effect on the catalyst’s 
catalytic activity.  
4.3.2 Effect of the quinone incubation time and concentration on the 
deactivation of Co-Schiff base catalysts.  
The effect of incubation time of quinones 6b and 6c with catalyst 8, the most 
susceptible Co-Schiff base catalyst, was evaluated. For quinone 6b, after 48h of 
incubation time, the oxidation of 2 yielded 44% DMBQ, whereas with no incubation 
time (i. e., all components were mixed at once), the average yield was significantly 
higher (64%; see Experimental section for details). On the other hand, quinone 6c 
gave statistically the same yield reduction for the oxidation of 2 with either no 
incubation or after 48 hours of incubation (33 and 30% yield, respectively; see 
Experimental section for statistical analysis). The difference between the reactivity 
of quinones 6b and 6c result suggests that the deactivation of catalyst 8 occurs 
very quickly with quinone 6c. 
To evaluate the effect of the concentration of quinones 6b and 6c on the catalyst 
8 deactivation (Figure 43), we estimated the quinone amounts that halve of the 




Figure 42. 2 Conversion (left) and DMBQ yield (right) as a function of the 




section for details).272 The concentration-inhibition fitted models are shown as the 
continuous line in Figure 43a and 3b. According to these models, quinone 6c 
inhibits catalyst 8 with an IC50 value of 1.4 mol/mol of catalyst, whereas the IC50 
value for 6b is 2.3 mol/mol of catalyst. This result shows that both quinones have 
a significant concentration-dependent deactivation effect on the catalytic activity of 
Co(salen)/py 8 even without any incubation time, with this effect being higher for 
quinone 6c.  
4.3.3 Effect of axial ligands on the inhibition of 4-coordinate Co-Schiff base 
catalysts.  
Motivated by the results of Table 11, the effect of axial ligands on the inhibition of 
Co-Schiff base activity was further evaluated. As can be seen in entry 1 of Table 
11, the oxidation of 2 using 4-coordinate Co(II)(salen) produced DMBQ and 
syringaldehyde 12. When no axial ligand coordinates Co(II)(salen), the addition of 
6c does not affect its catalytic activity (Table 12, entry 2). The catalytic activity of 
4-coordinate catalyst 10 is also affected by the presence of axial ligands. Although 
the conversion of 2 and the DMBQ yield is enhanced when pyridine is added to 
the reaction (Table 12, entry 3), the addition of this axial ligand simultaneously 
makes this Co-Schiff base catalyst susceptible to the catalytic inhibition by the 
quinone 6c (Table 12, entry 4). 
To further confirm the effect of the axial ligands of the deactivation of the Co-Schiff 
base catalyst, we evaluated the effect of adding pyridine to another four-coordinate 
Co-Schiff base catalyst, [N,N′-bis(salicylidene)-1,2-phenylenediamine]cobalt(II), 
Co(II)(salophen), 11], a complex that has been reported as a catalyst for the 
aerobic oxidation of hydroquinone.273,274 We found that catalyst 11 gave a high 
conversion of 2, yielding DMBQ and 12 in modest yields (Table 12, entry 5). When 
pyridine is added to the reaction, the conversion of 2 and the yield of DMBQ reach 
the maximum values (Table 12, entry 6), but when pyridine and 6c are present in 
the oxidation of 2 with Co(II)(salophen), only a very small amount of the lignin 



























1 Co(II)(salen) 0 0 94 29 26 
2 Co(II)(salen) 0 40 95 32 31 
3 10 100 0 100 92    0 
4 10 100 40 11 7 0 
5 11 0 0 98 29 36 
6 11 100 0 98 100 0 
7 11 100 40 6 4 0 




conversion of 2 to the corresponding quinone by 4-coordinate Co-complexes is 
strongly promoted by an axial base, but the catalyst/base complex is also subject 
to significant deactivation in the presence of certain quinones.   
4.3.4 Synthesis, characterization computational study of Co-Schiff base-
quinone complexes.  
We studied the synthesis of the complex formed between Co (salen)/py 8 and 
quinone 6c to understand whether formation of adducts between Co-Schiff base 
catalysts and quinones was a possible route for catalyst inhibition and electron 
transfer. 2:1 Adducts of metal-salen complexes and para-quinones have been 
characterized as binuclear complexes bridged by a hydroquinone dianion ligand 
(Q2-) and have been used to understand the magnetic and electronic properties of 
quinones as redox-active ligands (Equation 3; See Experimental section).136-
138,140,275-277 While we were able to synthesize complex 13, our attempts to 
synthesize and isolate complexes between 8 and 6b, and between 9 and 6b or 6c 





Infrared spectroscopy was used to study the structure of the coordinated 
hydroquinone ligand in complex 13.278 As shown in Figure 44, no characteristic 
signals for the original C=O group of the quinone (1700-1560 cm-1) are observed 
in 13, which indicates that the quinones have been reduced as expected.137,142,279 




Figure 44. IR spectra of 6c (blue), 13 (red), and Co(II)(salen) (orange). 
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vibrations of the Co-Schiff based complexes (1605 cm-1) present a small shift of 
about 10 cm-1 to lower energies.  
While we were able to synthesize complex 13, our attempts to synthesize and 
isolate complexes between quinone 6b and 8, and between quinones 6b and 6c 
and catalysts 9 and 10 were unsuccessful. Based on these results, we decided to 
carry out a computational analysis to examine the reactivity of Co(II)(salen) and 
Co(II)(salen*) by comparing the different Co-Schiff base/quinone complexes. Low 
energy conformation analysis was accomplished using a Monte Carlo search. 
We analyzed the results of our computational analysis taking the distance between 
the salen ligands as criteria for likelihood of formation of the dimers (Figure 45). 
For the [pyCo(II)(salen)]2/quinone (13) dimer, the conformational analysis indicates 
that the minimal distance between the hydrogens of the salen ligands (5.681 Å), is 
higher that the Van der Waals radii between them (2.4 Å), so the steric factor does 
not seem to be a problem for the formation of the complex. For the 
[pyCo(II)(salen*)]2/quinone dimer, the salen* ligands are significantly closer, but 
the minimal distance between the hydrogens of the tert-butyl group of the salen* 
ligands, 2.530 Å, is still higher than the Van der Waals radii of the two H atoms, so 
the steric factor does not conclusively rule out the formation of the dimeric 
complex. Even though the computational analysis suggests that this last conformer 
is theoretically possible, we were not able to synthesize it, so a more detailed study 
should be done to try to isolate it.  
4.3.5 Electrochemical studies of Co-Schiff base catalysts and quinones.  
Different authors have pointed out the importance of the redox properties of 
quinones and Co-Schiff base complexes and the reactions that occur between 
them (i. e., ET reaction or adduct formation).136,137,268 Therefore, we conducted a 




Figure 45. Low energy conformation of dimeric complexes 




and halfwave potentials (Epa, Epc and E1/2, respectively), and peak-to-peak 
separation (∆E) of para-quinones 6a, 6b and 6c, and Co-Schiff base catalysts 8, 9 
and 10 (Table 13). Based on their ∆E, all of the studied Co-Schiff base catalysts 
and quinones exhibit quasi-reversible redox behavior (∆E > 59.2 mV).  
The literature reports an association between the one-electron redox potential of 
the Co(II)/Co(III)-Schiff base couple and its catalytic activity (the lower the 
potential, the higher the catalytic activity).251,280 Our results support this relation. 
Catalyst 8, with a E1/2 of -0.25 V, shows the maximum DMBQ yield (Table 11,entry 
1), whereas catalyst 9 and 10, with more positive halfwave potentials, have a lower 
DMBQ yield (Table 11, entries 5 and 9, respectively). It has been reported that the 
redox potential of Co complexes show a linear correlation with the logarithm of the 
equilibrium constants for the formation of the corresponding dioxygen 
complexes.281-283 The formation of the superoxo radical complex (like 1) is 
accompanied by the transfer of electron density from the cobalt center to the half-
filled π-antibonding orbitals of the oxygen.284 Therefore, the oxygen carrying ability 
of a Co-Schiff base catalyst depends on its ease of oxidation (more negative 
potential).283,285 Although steric factors are also important, a lower redox potential 
enhances the Co-Schiff catalytic activity in the oxidation of phenols towards 
quinones.251,280   
We also found a relation between the Co-Schiff base catalyst’s redox potential and 
their susceptibility to deactivation. Catalysts 8 and 9, which exhibit lower redox 
potentials, were the most deactivated by quinones 6b and 6c in the experiments 
presented in the Table 11. In contrast, catalyst 10, with a higher redox potential, 
was not deactivated by the quinones. It can be concluded that a lower redox 
potential makes the Co-Schiff base catalysts more oxidizable by quinones. 
We found that the reduction potential of quinones 6a, 6b and 6c is a linear function 
of the number of electron-donating methoxy substituents (Figure 46a). The OMe 
groups decrease the redox potential of the quinone by increasing the electron  
 108 
 
Table 13. Electrochemical data for Co-Schiff base catalyst oxidation and 
quinones reduction in protic solvent.a 
Compound Ecp (V) Eap (V) ∆E (V) E1/2 (V) 
8 -0.32 -0.18 0.14 -0.25 
9 -0.13 0.15 0.27 0.01 
10 0.08 0.15 0.07 0.11 
6a -0.35 -0.27 0.08 -0.31 
6b -0.28 -0.19 0.08 -0.24 
6c -0.20 -0.12 0.08 -0.16 
 




Figure 46. a) Plot of the E1/2 reduction potentials as function of the sum of the 
Hammett constants for the OMe group.291 b) Cyclic voltammograms of MMBQ 




density of the quinone.286-289 The more positive the reduction potential, the more 
easily the quinone is reduced.290 This explains why quinones 6b and 6c have a  
higher effect on the deactivation of Co-Schiff base catalysts. Finally, the peak-to-
peak potentials ∆E of the three quinones are the same, indicating that they share 
a common ET process at the conditions evaluated. 
The effect of solvent on quinone electrochemical behavior was also studied. In a 
neutral aprotic solvent, such as acetonitrile, the two successive one-electron 
reductions of para-benzoquinones lead to the formation of the paramagnetic 
semiquinone anion radical Q•- and the diamagnetic quinone dianion Q2- (Equation 
4) that are characterized by two separate redox waves in a voltammogram (Figure 
46b, red line).286,288,292 
 
[4] 
We found that in methanol the electrochemical reduction of para-benzoquinones 
occurs reversibly as a single-step, two-electron transfer process (Figure 46b, black 
line). Similar results have been also reported for different kind of quinones, 
including quinones 6a and 6c, in other alcohols and aqueous systems at neutral 
pH.293-297 It has been proposed that this process is possible because the radical 
anion and the dianion are stabilized by hydrogen bonding with the solvent.298-300 
Although both peaks shift to more positive potentials, the peak associated with the 
reduction of Q•- to Q2- shifts more than the Q to Q•- reduction peak, creating an 
overlapping of the two redox peaks that are seen as one single Q↔Q2- redox wave 







4.3.6 Mechanistic proposal for Co-Schiff base catalyst deactivation 
Base in the experimental results described above and the literature reviewed, we 
propose two different mechanisms to explain the observed quinone deactivation 
of the Co-Schiff base catalysts reported in Table 11 and Table 12. 
 
4.3.6.1 Deactivation by formation of Co-Schiff base-quinone complexes. 
Taking as an example the deactivation of complex 8, the first proposed mechanism 
results from the formation of 2:1 pyCo(III)-Q2--pyCo(III) adducts like 14b by 
oxidative addition, which would lead to the oxidation of the cobalt catalyst 8 (Figure 
47). According to this mechanism, the five coordinate cobalt complex pyCo(II) 
would react with a quinone by forming a reduced pyCo(III)-Q•- complex 14a, that 
quickly reacts with a second five coordinate pyCo(II) molecule to generate 14b. A 
similar mechanism has been proposed for the formation of dinuclear complexes of 
para-benzoquinones and the five coordinate cobalt-cyanide complex 
(NC)5CoQCo(CN)56-.148,302,303 
According to this mechanism, the loss of the catalytic activity of 8 would be 
appreciable if a competitive reaction for the formation of catalytically active cobalt 
superoxo radical 1 and 14b took place. This seems to be the case when evaluating 
the effect of the quinone concentration on the deactivation of Co-Schiff base 
catalysts (Figure 43): when the concentration of the quinone in the solution 




Figure 47. Proposed mechanism for the formation of binuclear Co-Schiff 




It has been proposed that the similarities between the 2:1 Co-oxygen and the Co-
quinone adducts formation are substantial.136 When the unpaired electron of the 
square planar tetradentate d7 Co(II)(salen) complex is located in the dxy orbital, 
where it is not available for an approaching oxygen, the formation of Co-O2 
complexes is unfavorable.304 We argue that this is also true for four-coordinate Co-
Schiff base catalysts and quinones 6d and 6c. In absence of pyridine, the unpaired 
electron of the catalysts like 10, 11 and Co(II)(salen) are not available to form a 
complex with any surrounding quinone.  Although methanol can act as a weak 
axial ligand that helps those four-coordinated Co-Schiff base catalyst to bind 
oxygen,99,273,305 our results suggest that this effect is not enough to make the four-
coordinate complexes bind quinones (Table 11 and Table 12).  
In contrast, when py is added to the reaction medium (or when a N-axial base is 
already present like in catalyst 9) it pulls the cobalt center from the plane and 
donates two more electrons that shift the dZ2 orbital from nonbonding with a pair of 
electrons to antibonding with a single electron.36,306 This makes the py/Co-Schiff 
base complex more reactive towards oxygen.103,116,123,285,307 We believe that this 
process also makes the complexes pyCo(II)(salen) (8), pyCo(II)(salen*), and 
py(salophen) Co(N-Me salpr) more reactive towards quinones. Therefore, the 
formation of -bonding between the oxygen of the quinone and the cobalt center 
of the five-coordinated complex 8 and 9 would be responsible for the formation of 
the Co-Schiff-quinone complexes (14b).  
4.3.6.2 Scavenging of Co-Schiff base-superoxo complexes by quinones 
The second deactivation mechanism is based on an ET reaction between the 
quinones and the Co-superoxo radical without the formation of Co-quinone 
complexes. This mechanism is based on capacity of the superoxide anion radical 
O2•- to act as both a reducing and oxidizing agent depending of the redox potential 
of the substrate with which it reacts. 308-311 When superoxide anion reacts with a 
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quinone, the corresponding semiquinone anion and oxygen are produced 




This capacity of quinones to scavenge superoxide anion radicals has been 
observed.228,313-320 Joshi and Gangabhagirathi reported the scavenging of 
superoxide radical and hydroxyethyl radical by 5-hydroxy-2-methyl-1,4-
naphthoquinone with the formation of semiquinone radicals. 321 Reaction of 1,4-
benzoquinone with α- and β-hydroxyalkyl radicals was also reported. Whereas β-
hydroxyalkyl radical reacted with the quinone mainly by radical addition, α-
hydroxyalkyl radicals react only by electron transfer.313 Finally, Petillo and Hultin 
reported the use of Coenzyme Q10 as a free radical scavenger antioxidant against 
a lipid‐soluble free radical generator, 2,2′‐azobis(2,4‐dimethylvaleronitrile).316 
Although there are few examples of reactions between a superoxide anion 
coordinated to a metal with a quinone,146 the chemistry of metal-superoxo anion 
radicals has been compared with the superoxide anions.285,322-325 Thus, in this 
deactivation mechanism (taking again 8 as an example), we argue that the reaction 
of quinones with Co-superoxo anion pyCo(III)-O2•- (15, the product of the reaction 
between py and four coordinate Co-Schiff base catalysts and oxygen) would 
quench the oxygenated catalytically active species (Figure 48).  
The one-electron transfer reaction that occurs between the Co-superoxo radical 
15 and the quinones in Figure 48 would depend of the redox potential of the 
species involved. As stated before, the more negative the redox potential of the 
quinones, the more difficult it is to reduce them.290 According to this, the low E1/ 2 
value of 6a becomes a barrier for any successful electron transfer reaction from 




Figure 48. Proposed mechanism for quenching of Co(III)-Schiff base-superoxo 




6c, with a more positive redox potential, endow thermodynamic favorability of 
reduction by the Co-superoxo radicals.  
It is important to notice that according to Equation 6, the semiquinone can be 
oxidized to regenerate the quinone and superoxide in a one-electron transfer 
reaction.326-328 The redox potential of the quinone controls the equilibrium of the 
reaction between its corresponding semiquinone and dioxygen to form the 
superoxide anion.290 The lower the reduction potential, the higher the rate constant 
for the formation of superoxide from the reaction of the SQ•− with dioxygen. 
Therefore, semiquinone from 6b would be a better reducing agent than 
semiquinone from 6c. Reported rate constants k for the reaction of Q•- with 
dioxygen to form superoxide of 5 ×104 M–1·s–1 for 1,4-benzosemiquinone and 
1.5 × 106 M–1·s–1 for 2-methoxy-1,4-benzosemiquinone support this trend.290,329  
4.3.6.3 Final comments on the proposed mechanism for the deactivation of 
Co-Schiff base catalyst by quinones. 
We have described two mechanisms that can potentially explain the deactivation 
of Co-Schiff base catalysts on the oxidation of lignin models, whose reactions are 
summarized in Figure 49. The synthesis of complex 13 from Co(salen) and 
quinone 6c in pyridine shows quinones will complex to Co-Schiff base complexes, 
supporting the first proposed mechanism. As we stated before, even though we 
were able to synthesize complex 13, we failed to isolate any of the dimeric complex 
between 8 and 6b, and between 9 and 6b or 6c. Based on that, we proposed that 
the second mechanism as an alternative way to generate the deactivation of Co-
Schiff base catalyst under study. The computational analysis also showed that it is 
possible to have dimeric adducts between Co(salen*) and quinone 6c. However, 
the fact that we were unable to synthesize similar catalyst-quinone complexes for 
the others cobalt complexes could suggest that the second mechanism is also 
possible. The scavenging of superoxide radicals by quinones, which have been 




Figure 49. Reactions of the two proposed mechanism for the deactivation of Co-




It is important to point out that if the deactivation of the Co-Schiff base catalysts 
follows the second proposed mechanism, this would be a reversible inhibition 
rather than an irreversible deactivation.258 The first proposed mechanism, on the 
other hand, yields a product that seems to be more stable at the reaction 
conditions. If the catalyst is irreversibly deactivated, recovering the catalytic activity 
of the Co-Schiff base catalyst will be more challenging.  
4.4 Conclusion  
Catalyst deactivation has been always a concern in the use of Co-Schiff base 
catalysts for the oxidation of lignin models. Here, we have demonstrated that some 
quinones can deactivate the five-coordinate Co-Schiff base catalysts used in the 
oxidation of lignin models like 2. This result is important for the oxidative 
depolymerization of lignin using Co-Schiff base catalysts, because under the 
conditions of this study, the five-coordinate catalysts are more selective for the 
production of quinones versus their four-coordinate counterparts. Even catalysts 
with sterically bulky ligands such as Co(salen*) are susceptible to deactivation by 
quinones. This must be considered when designing new Co-Schiff base catalysts 
for the oxidation of lignin to produce quinones.  
Traditionally, methanol has been used as a solvent in the oxidation of lignin models 
by using Co-Schiff base catalyst. The idea is that quinones with low solubility on 
this solvent such as 6a and 6b precipitate from the solvent, making them easily to 
separate. However, we have shown that the hydrogen bonding with methanol 
increases the redox potential of the quinones, making them more reactive toward 
the five-coordinate Co-Schiff base catalyst. An exhaustive study on the effect of 
solvents on the catalytic oxidation of lignin for the production of quinones using 
Co-Schiff base catalyst should be performed.  
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4.5 Experimental  
4.5.1 Materials and instruments 
All reagents and solvents were purchased from commercial sources and were 
used as received unless otherwise indicated. NMR analysis was performed using 
a Varian Unity 400 MHz instrument. Chemical shifts are reported in ppm. HPLC 
analysis employed a Waters HPLC system which consisted of a 2695 separations 
module, a 2996 model photodiode array detector and a 100Å, 3.5 µm, 3 mm X 150 
mm SunFire C18 column. Response factor curves were prepared for 2, 6a, and 
12. The response factor F was used to quantitate the amount of analyte in each 
reaction (Figure 50). For determination of 2 and 12, the eluent was an 
acetonitrile/water gradient (0 min: 0.1 ml/min of 25:75 MeCN/H2O; 15-20 min: 0.1 
ml/min of 50:50 MeCN/H2O). For determination of 6a, an isocratic elution was 
performed with 50:50 MeOH/H2O for 20 minutes at 0.2 mil/min. Infrared spectra 
were obtained on a PerkinElmer Spectrum One FTIR spectrometer at 4 cm−1 
resolution and are reported in cm−1.  
4.5.2. Oxidation of para-substituted lignin models 
CAUTION: The reactions were carried out in a 60 ml thick-walled glass Fisher-
Porter bottle under oxygen pressure. While we experienced no difficulties in 
performing these reactions, appropriate precautions should always be used when 
combining organic materials and oxygen under pressure.  
4.5.2.1 General procedure for the two-step oxidation of syringyl alcohol with 
Co-Schiff base catalysts. 
In the first step, the Co-Schiff base complex (0.1 mmol) and the axial base (1 mmol, 
when required) were added to the bottle and mixed for 15 min. Then the quinone 
(0.2 mmol) and the methanol (3 ml) were added. The bottle was sealed with a 
pressure head and alternately evacuated under vacuum and filled three times O2. 








for 48h at room temperature (rt). In the second step, 2 (1 mmol, 184.18 mg) was 
added to the bottle and then 2 ml of methanol. Then the filling procedure with O2 
was repeated. Each reaction was run for 40 minutes, after which the reaction 
mixture was transferred to a 50-ml round-bottom flask and concentrated under 
vacuum using a rotary evaporator at 30 °C to remove the solvent. The crude 
material was dried overnight under vacuum. The amount of 2 and DMBQ was 
determined using HPLC and their conversion and yield were calculated according 
to Equation 7 and 8, respectively.  
  
𝑆𝑦𝑂𝐻 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑚𝑎𝑠𝑠 𝑆𝑦𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑎𝑠𝑠 𝑆𝑦𝑂𝐻𝑓𝑖𝑛𝑎𝑙
𝑚𝑎𝑠𝑠 𝑆𝑦𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 [7] 
𝐷𝑀𝐵𝑄 𝑦𝑖𝑒𝑙𝑑 =
𝑚𝑎𝑠𝑠 𝐷𝑀𝐵𝑄𝑓𝑖𝑛𝑎𝑙 × 𝑀𝑊 𝑆𝑦𝑂𝐻
𝑚𝑎𝑠𝑠 𝑆𝑦𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝑀𝑊 𝐷𝑀𝐵𝑄
× 100 [8] 
 
To avoid reporting conversions higher that 100% when DMBQ was used as the 
inhibitor, the yield of DMBQ in those reactions was calculated on the basis of the 
amount of quinone generated in the reaction. This value was calculated as the final 
amount of DMBQ minus the amount of quinone added.  
4.5.2.2 General procedure for single-step oxidation of syringyl alcohol with 
Co-Schiff base catalysts. 
The Co-Schiff base complex (0.1 mmol) and the axial base (1 mmol, when 
required) were added to the bottle and mixed for 15 min. Then the amount of 
quinone (0.2 mmol, when required) and 2 (1 mmol, 184.18 mg) was added to the 
bottle. Then 5 ml of methanol were added to the bottle and it was sealed with a 
pressure head and alternately evacuated under vacuum and filled three times with 
O2. After the final evacuation, the bottle was pressurized with O2 to 60 psi. and 
stirred at rt. Each reaction was run for 40 minutes, after which the reaction mixture 
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was transferred to a 50-ml round-bottom flask and concentrated under vacuum 
using a rotary evaporator at 30 °C to remove the solvent. The crude material was 
dried overnight by under vacuum. The amount of 2 and DMBQ was determined by 
using HPLC as described above.  
4.5.2.3 Effect of the quinones 6b and 6c incubation time on the deactivation 
of catalyst 8 
To evaluate the effect of the quinones 6b and 6c incubation time on the 
deactivation of catalyst 8, the oxidation of 2 was evaluated at 48 and 0 hours of 
incubation time. The oxidation of the lignin model was done as described in 2.2., 
using 0.1 mmol of Co-Salen, 1 mmol of pyridine and 0.2 mmol of quinone. The 
yields of DMBQ with and without incubation time are presented in Table 14. 
Using the software JMP®, a one-way analysis of variance (ANOVA) was 
performed to evaluate the statistical effect of the quinone incubation time. For 
quinone 6b, there is a statistically significant difference between the two incubation 
times (p-value < 0.05, Table 15. One-Way ANOVA test for incubation time with 
quinone 6b.). For quinone 6c, there is not a statistically significant difference 
between the two incubation times (p-value > 0.05,Table 16).  
4.5.2.4 Effect of the concentration of quinones 6b and 6c on the deactivation 
of catalyst 8 
To evaluate the effect of the concentration of quinone 6b and 6c on the 
deactivation of catalyst 8, different concentrations of quinone (% mol/mol of 
catalyst) were evaluated. The reactions were carried out in as described in section 
2.2. For each quinone, the inhibitory concentration IC50 (the concentration that 
reduced the yield by 50%) was estimated using a 4-parameter logistic model 4PL 





Table 14. Time-dependent inhibition effect of quinones. 
Time (h) DMBQ yield (%)a Standard Deviation 
6b 
0 64 1.50444 
48 44 1.73615 
6c 
0 33 2.12132 
48 30 4.97217 
aAverage of three replicates  
 
 
Table 15. One-Way ANOVA test for incubation time with quinone 6b. 





Between groups 560.667 1 560.667 210.25 0.0001 
Within groups 10.6667 4 2.66667 
  
Total 571.333 5 
   
 
 
Table 16. One-Way ANOVA test for incubation time with quinone 6c. 





Between groups 17.6333 1 17.6333 0.98 0.3946 
Within groups 53.8267 3 17.9422 
  
Total 71.46 4 




the parameters of the 4PL model in Equation 9 using nonlinear regression to fit the 







𝑏 + 𝑑 [9] 
 
The parameters a (the upper asymptote), d (the lower asymptote), b (the gradient 
of the linear portion of the model) and c (the average concentration between a and 
d) for the 4PL models for quinone 6b and 6c  are shown in the Table 17 and the 
Table 18, respectively. To calculate the IC50 for each quinone, inverse regression 
was used to solve Equation 9 for X, establishing Y equal to 50%.  
4.5.3 Synthesis of complex 13 
A modified version of the method described by Floriani et al. was followed.136 1,4-
BQ (1.66 mmol, 0.18 g) was placed in a 50-ml pear-shape Schlenk flask with a 
glass stopcock. The flask was capped with a rubber septum and connected to a 
Schlenk line and evacuated and flushed with argon three times. Co(salen) (3.32 
mmol, 1.08 mg) was placed in a separate 50 ml pear-shape Schlenk flask with a 
glass stopcock. The flask was capped with a rubber septum and degassed as 
previously described. 30 ml of dry pyridine were added to the Co(salen) flask and 
the mixture was stirred for 10 minutes. Using a cannula, the Co(salen)-pyridine 
solution was transferred to the 1,4-BQ flask under argon. After 5 days of stirring at 
room temperature, the mixture was filtered through a medium glass frit. The 
collected dark green solid was washed with 350 ml of cyclohexane and then dried 
under vacuum (25 psi) for 2 days, yielding 1.16 mg of material. The solid was 
analyzed without further purification. Analytically calculated for C48H46Co2N6O6: C, 
62.61; H, 5.04; N, 9.13; Co, 12.80. Found: C, 62.51; H, 4.22; N, 9,19; Co, 12.2.  
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Table 17. Parameters of the 4PL model for quinone 6b 
Parameter Estimate Confidence limits 
  Low High 
a 99.89 95.91 103.87 
b 6.07 5.01 7.39 
c 2.28 2.18 2.40 




Table 18. Parameters of the 4PL model for quinone 6c 
Parameter Estimate Confidence limits 
  Low High 
a 102.71 100.88 104.57 
b 4.17 3.76 4.63 
c 1.33 1.29 1.36 




4.5.4 Solubility of quinones 6a – 6c in methanol 
A modification of a  method from the literature was used to determine the solubility 
of quinones 6a – 6c in methanol.330,331 Approximately 370 mg of each quinone was 
weighed into a 20 ml glass vial. Two ml of methanol were added to the vial and the 
vial was capped. The vial samples were set in a platform shaker and vortexed for 
24 hours at 200 rpm. After stirring, each quinone suspension was filtered using a 
0.2 micrometer PVDF syringe filter. The filtrate was collected in another glass vial. 
1 ml of the saturated solution was transferred to a weighed vial, and the methanol 
was allowed to evaporated overnight in a vacuum oven (25 psi and room 
temperature). The mass of the dry residue was calculated, and the solubility was 
expressed as milligrams of quinone per milliliters of methanol (Table 19).  
4.5.5 Electrochemical study of quinones and Co-Schiff base complexes  
Voltammetric measurements of the quinones and the Co-Schiff base catalysts 
were performed using a BioLogic Science Instruments VSP3 potentiostat, 
equipped with EC-Lab® software V11.02. Stock solutions of quinones (0.01 M in 
CH3OH or 20/80 CH3CN/CH3OH) and Co-Schiff base catalysts (0.005 M in CH3OH 
or 20/80 CH3CN/CH3OH) were prepared and used for the electrochemical study. 
0.1 M LiClO4 in ethanol was used as the supporting electrolyte. For the oxidation 
potential measurement, 5 milliliters of the analyte solution plus 5 milliliters of the 
supporting electrolyte solution were mixed in an electrochemical cell (20 ml flask). 
N2 was bubbled through the solution prior the measurements. A 3 mm diameter 
glassy carbon electrode was used as the working electrode, with a saturated 
Ag/AgCl electrode and a platinum wire for the reference and auxiliary electrodes 
respectively. The cyclic voltammograms were recorded with a 0.75 V/s linear 
potential sweep rate. The anodic potential Eap, cathodic potential Ecp, the halfwave 
potential E1/2=(Eap+Ecp)/2, and peak-to-peak separation ∆E=Epa-Epc of para-
quinones and Co-Schiff base catalysts where calculated using the software EC-
Lab® V11.02.  
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Table 19. Solubility of studied quinones. 




6a 12.9 0.2 
6b 17.6 0.2 
6c 73.9 0.5 




4.5.6 Computational analysis   
All calculations for the study were conducted on the Alabama Supercomputer 
Network. An initial conformational search was done using a 1000 step Monte Carlo 
procedure with MMFF minimization at each step, as implemented in Spartan ‘16.  
The low energy conformation for each was refined using the M06-L density 
functional method. The structures were optimized, with frequency calculations for 
thermal corrections and to insure the identification of a stationary point and done 
using the SMD solvation model for ethanol.  All DFT calculations were done with 






CATALYTIC OXIDATION OF PARA-SUBSTITUTED PHENOLS 





As described in Chapter 1, our group has been studying the conversion of lignin 
into value-added chemicals through selective oxidation of para-substituted 
phenols to quinones by using Co-Schiff base catalysts.22,97,104,257 In the last 
chapter, we described our efforts in understanding how the Co-Schiff base 
oxidation of para-substituted phenols might be inhibited through catalyst 
deactivation. In this section, we examine how these processes could be promoted.  
Co-Schiff base complexes such as (pyridine)[N,N′-
bis(salicylidene)ethylenediamino]cobalt(II) (Co(II)(Salen)/py, 1a) and [N,N′-
bis[(salicylidenamino)ethyl]amine]cobalt(II) (Co(II)(N-Me Salpr, 1b) catalyze the 
aerobic oxidation of phenols (Figure 51). The Co-catalyst binds molecular oxygen 
to form a Co-superoxo complex 2.97,104,116 Then the superoxo complex 2 abstracts 
a hydrogen from the phenolic substrate generating a phenoxy radical 3. This 
reaction affords the production of para-benzoquinones (a more detailed 
mechanism is presented in Chapter 3). Our group reported some of the first 
examples of Co-Schiff base lignin model oxidation by converting the S model 
syringyl alcohol (3,5-dimethoxy-4-hydroxy-benzylalcohol, 4) into 2,6-dimethoxy-
1,4-benzoquinone (DMBQ, 5), and the G model vanillyl alcohol (3-methoxy-4-
hydroxy-benzylalcohol, 6) into 2-methoxy-1,4-benzoquinone (MMBQ, 7).97,104  
Whereas the binding ability of O2 to Co-Schiff complexes and, therefore, the 
reactivity of the Co-superoxo radicals, depends on the basicity of the axial 
ligands,101 the electronic nature of the aromatic ring has a significant influence on 
the ability of the catalyst to convert the starting phenol into a phenoxy radical.97 It 
has been reported that the presence of methoxy groups on the lignin’s aromatic 
ring increases the rate of hydrogen atom removal by facilitating the formation of 
phenoxy radicals and lowering the bond energy of the OH bond.332-334 This 
explains why the oxidation of 4 proceeds in good yield to produce 5 but gives low 








base such as diisopropylethyl amine, DIPEA, is added to the reaction system, the 
oxidation of 6 is increased (Figure 51).335 According to the described mechanism, 
the non-coordinating base deprotonates the phenolic lignin model generating a 
phenolate anion (PhO-) which is more oxidizable, and as a result the reaction rate 
is increased.124  
As mentioned in Chapter 1, aminoxyl radicals (AR) have been studied for 
conversion of lignin into value-added chemicals through oxidative 
depolymerization of the lignin structure. AR have been used as intermediates 
between metal catalysts and lignin models that are difficult to oxidize by the 
catalysts alone. AR such as phthalimide N-oxyl radical (PINO, 8) and 
benzotriazole-N-oxyl (BTNO, 9), which are generated from N-hydroxyphthalimide 
(NHPI, 10) and 1-hydroxybenzotriazole (HBT, 11) respectively, and 2,2',6,6'-
tetramethylpiperidine-1-oxyl (TEMPO, 12) have been studied in the oxidation of 
lignin-related compounds as mediators of the copper laccase enzymes and other 
metal catalysts.173-176  
In this chapter, we are interested in the evaluation of AR as mediators of Co-Schiff 
base catalysts for the oxidation of lignin models into quinones. Previous reports 
have shown that AR-mediated metal catalytic systems effectively catalyze the 
oxidation of a wide array of benzyl alcohols, but no study has been done with Co-
Schiff catalysts.163-172 The influence of the reaction pressure, temperature, and 
solvent (polar and non-polar) in the conversion of the lignin models was studied. 
Specially, we wanted to see if the AR can increase the yield of quinone from the 
oxidation of the less electron-rich vanillyl alcohol lignin model. First, we evaluated 
the factors that affect the oxidation of the lignin model by using Co-Schiff base 
catalysts and AR. We found that TEMPO was the best AR in terms of vanillyl 
alcohol conversion. Unfortunately, the oxidation of the lignin model showed very 
low selectivity towards the formation of quinone. This research will lead to the 
development of new methodologies for the conversion of biorefinery lignin, which 
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will streamline biorefinery operation and offer new catalytic routes to biobased 
chemicals and fuels from renewable carbon sources.  
5.2 Results and discussion 
5.2.1 Oxidation of vanillyl alcohol 6 using different cobalt catalysts and AR 
We started this project by evaluating how the oxidation of lignin model 6 is affected 
by different factors, including the kind of mediator, Co catalyst, and solvent. The 
temperature and pressure of the reaction were also evaluated. Experimental 
design was used to develop a matrix of reaction conditions to explore the effect of 
these different factors on the oxidation process. The levels of these factors were 
chosen based on the literature. Table 20 shows the four factors and their 
respective levels evaluated in this first set of experiments.   
In statistical design of experiment theory, an experiment where each one of all the 
possible combinations of the levels of factors are tested is called full factorial 
design.336,337 The total number of experiments necessary to evaluate the 
experimental space in a 3-level full factorial design is determined by Equation 10, 
where k is the number of factors.   
 
𝑁 = 3𝑘 [10] 
 
In this case, the total number of experiments for a full factorial design would be 
3^4 = 81 experiments. When the total number of experiments in a full factorial 
design is prohibitively high, fractional factorial designs can be employed.338 These 
designs permit the investigation of the effects of many factors in fewer experiments  
than a full factorial design while still providing statistically relevant results.336 The 
total number of experiments for a fractional factorial design when using a (1/3)p 
fraction of a 3-level full factorial design is calculated by using Equation 11.337 
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Table 20. Factors evaluated in the conversion of 6 experiment. 
Factors Levels 
Co Catalyst Co(II)(Salen) (1a) Co(II)(N-Me Salpr) (1b) Co(II)(OAc)2 (1c) 
Mediator NHPI (10)  HBT (11) TEMPO (12) 
Solvent MeOH AcOH EtOAc 




𝑁 = 3𝑘−𝑝 [11] 
We decided to follow a fractional factorial design in order to evaluate the effect of 
each factor on the oxidation of lignin model 6. We used a one-ninth fraction of the 
original full factorial design (p = 2) to evaluate the main effect of the different 
factors, so the total number of experiments where 3^4-2 = 9. Table 21 shows the 
results of the nine treatment combinations of the fractional factorial design.  
Based on the results of the oxidation of lignin model 6 (Table 21)  we carried out 
an analysis of variance, which is summarized in Figure 52 (See Experimental 
section for more details). According to the analysis of variance, all the evaluated 
factors have a statistically significant effect on the conversion of 6 (P-values < 
0.05). As can be seen in Figure 52a, on average catalyst 1c produces a higher 
conversion of 6 than 1a and 1b (18, 10 and 7%, respectively). Among the 
mediators, while 10 and 11 produced a conversion of 6 with no statistically 
significant difference (8 and 7%, respectively), AR 12 gave the highest average 
conversion of 6 (20%) (Figure 52b)). Regarding the three solvents evaluated, 
acetic acid gave the highest average conversion of 6 (26%, Figure 52c)). Methanol 
and ethyl acetate allowed a similar conversion of 6, but lower than acetic acid (6 
and 5%, respectively). Finally, according to our results, the best conditions for the 
conversion of lignin model 6 were atmospheric pressure and a temperature of 60°C 
(average conversion of 22%). At room temperature, the reaction gave a lower 
conversion of 6, independent of the reaction oxygen pressure (60 psi or 
atmospheric pressure, Figure 52c)). 
It is important to point out that the two Co-Schiff base catalysts evaluated in the 
fractional factorial design gave the lowest conversion of 6. In general, our initial 
observations show that at the conditions of Table 21, the conversion of 6 when 
using 1a and 1b was low, consistent with earlier laboratory results from oxidation 
reactions carried out in the absence of AR. However, the analysis also showed 
that certain sets of reaction conditions gave higher and statistically significant  
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Table 21. Fractional factorial design to evaluate the oxidation of 6 lignin model. 
 
Entry Catalyst Mediator Solvent Pressure (psi)- 
Temperature (°C) 
Conversion of 6 
(%)a,b 
1 1a 10 EtOAc atm-60 5 
2 1a 11 AcOH atm-24 11 
3 1a 12 MeOH 60-24 5 
4 1b 10 AcOH 60-24 16 
5 1b 11 MeOH atm-60 10 
6 1b 12 EtOAc atm-24 6 
7 1c 10 MeOH atm-24 2 
8 1c 11 EtOAc 60-24 3 
9 1c 12 AcOH atm-60 51 
a Each conversion was calculated as the initial VaOH amount minus the final VaOH amount, divided by 
the initial VaOH amount of used in each entry.  The final VaOH amount was quantified by HPLC (see 





Figure 52. Effects of the four factors evaluated in the conversion of 6: a) catalyst, 




differences than other conditions. Specifically, as can be seen in Table 21, entry 
9, the simple cobalt catalyst Co(OAc)2 (1c) gave the highest conversion, especially 
when used with TEMPO in acetic acid. As mentioned before, 1c is the basis of the 
Ishii process, a catalytic reaction where it is used with 8 for the oxidation of different 
organic substrates including benzyl alcohols.339 TEMPO, on the other hand, is one 
of the most studied AR for the oxidation of biomass-derived products, and it has 
been reported in the chemoselective oxidation of benzylic alcohols with good 
results.164  
Finally, the fact that acetic acid was the best solvent for the oxidation of VaOH is 
consistent with similar results obtained for Co(II)(OAc)2 and 12 in several 
reactions. It has been reported that acetic acid plays an important role in the 
catalytic cycle of in the oxidation of benzylic alcohols with metal acetates and 
AR.160,340 Recently, Jiang et al. proposed a mechanism where Cu(OAc)2 is 
regenerated upon the oxidation of benzyl alcohols by the action of acetic acid in 
aerobic conditions (Figure 53). In this ionic mechanism, TEMPO disproportionate 
into TEMPO-H (13) and the oxo-ammonium ion 14, which is considered the active 
form of 12.158,159,191 Ion 14 oxidizes the benzyl alcohol 15 into the corresponding 
aldehyde 16,  generating 13. Next, Cu(OAc)2 reoxidizes 13 into 12, producing 
copper acetate 17 and water. Finally, the reaction of oxygen and acetic acid with 
17 regenerates the Cu(OAc)2.201 
After being reduced to TEMPO-H (13), 12 is regenerated in the reaction between 
13 and Cu(OAc)2. In turn, acetic acid reacts with CuOAc producing Cu(OAc)2 
again.201 The mechanism in Figure 53 may also describe the oxidation of lignin 
model 6 by using cobalt catalyst 1c. We found that vanillin (4-hydroxy-3-
methoxybenzaldehyde, 18) among the principal products for the experiments in 









5.2.2 Evaluation of Co(N-Me salpr)/TEMPO in the aerobic oxidation of vanillyl 
alcohol 6 
Even though our first experimental design concluded that cobalt complex 
Co(OAc)2 was the best in terms of conversion of 6, we decided to go further with 
the evaluation of the Co(N-Me salpr) catalyst. This decision is based on previous 
results from our group related to the oxidation of G lignin models by using this 
catalyst.124,130 We also evaluated some new factors that potentially could affect the 
performance of the oxidation of 6 towards quinone 7. Accordingly, we evaluated 
the effect of the concentration of catalyst 1b and mediator 12, as well as the kind 
of solvent, the oxygen concentration and temperature (Table 22).  
This new set of experiments was performed at atmospheric pressure, based on 
the results of the previous experiment. Here, we include the yield of both vanillin 
18 and quinone 7 as response variables. To evaluate the effect of the conversion 
of 6 by using Co catalyst 1b and AR 12, another fractional factorial design was 
used with a total of 25-1 = 16 experiments. The results are shown in Table 23. We 
performed an analysis of variance to study the effect of the factors on the 
conversion of 6 by using catalyst 1b and mediator 12, which is summarized in  
Figure 54 (See Experimental section for details). 
Regarding the conversion of 6 we can see in Figure 54 that the only factors that 
have a statistically significant effect on the reaction are the concentration of 
catalyst 1b and the temperature of reaction. When using 1% of 1b, on average the 
conversion of 6 was 10%, whereas when using a 10% of 1b, the average 
conversion was 44% (Figure 54 a)). Regarding the temperature, at 25°C the 
average conversion of 6 was 20%, but at 60°C the value increased to 34% (Figure 
54 e)). We also found that changes in the kind of solvent, the concentration of AR 
12, and the oxygen pressure did not change the conversion of 6 significantly (see 
Figure 54 b), c) and d)).  
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Table 22. Factors evaluated in the conversion of 6 experiment by using Co 
catalyst 1b and AR 12. 
Factors Levels  
Concentration of Co(N-Me salpr) 1b (mol%) 1 10 
Concentration of TEMPO 12 (mol%) 1 10 
Solvent Toluene Methanol 
Oxygen concentration (%) 20 100 





Table 23. Result of the evaluation of the Co(N-Me salpr)/TEMPO system for the 



















1 Toluene 1 1 20 25 9 0 0 
2 Toluene 1 1 100 60 16 0 0 
3 Toluene 1 10 20 60 11 0 0 
4 Toluene 1 10 100 25 6 0 0 
5 Toluene 10 1 20 60 45 5 0 
6 Toluene 10 1 100 25 24 4 0 
7 Toluene 10 10 20 25 18 2 0 
8 Toluene 10 10 100 60 53 4 8 
9 Methanol 1 1 20 60 15 0 0 
10 Methanol 1 1 100 25 9 0 0 
11 Methanol 1 10 20 25 9 0 0 
12 Methanol 1 10 100 60 8 0 0 
13 Methanol 10 1 20 25 41 0 0 
14 Methanol 10 1 100 60 62 0 0 
15 Methanol 10 10 20 60 65 0 5 
16 Methanol 10 10 100 25 45 0 0 
a Each conversion was calculated as initial amount of VaOH minus the final amount of VaOH divided by the initial amount 
of VaOH used in each entry.  The final amount of VaOH was quantified by HPLC (see Experimental section). 
b Each yield was calculated as the final amount of each product divided by its maximal theoretical amount according to 
the mass of VaOH used in each entry. The final amount of each product was also quantified by HPLC (see Experimental 
section). 





Figure 54. Effects of the five factors evaluated in the conversion of 6 using 
catalyst 1b and AR 12: a) concentration of 1b, b) centration of 12, c) oxygen 




Despite the fact that in some cases the conversion of 6 was significantly high (such 
as in entries 8, 14, 15 and 16 of Table 23), in general the yield of aldehyde 18 and 
especially quinone 7 was very low (maximum values of 8%, entry 8, and 5%, entry 
5, respectively). Similar results have been reported before. For instance, Crestini 
et al. reported the oxidation of 6 with laccase mediated by AR 11.179 According to 
the authors, when the oxidation of 6 was done with laccase and HBT, only traces 
of vanillin 18 and quinone 7 where produced despite the fact that only 12% of the 
starting material was recovered. The authors found that the bulk of the reaction 
products consisted of high molecular weight, side-chain reaction products. These 
products are likely formed by the radical coupling polymerization of the phenoxy 
and benzylic radicals generated by the hydrogen abstraction that occurred at the 
phenolic and benzylic positions, respectively (Figure 55).179,341 Our experiments 
showed similar results. In our HPLC analysis of the products of the reaction 
oxidation of vanillyl alcohols, we detected products at high retention time, which 
we believe to be uncharacterized high molecular weight oxidation products (See 
Experimental section).  
Finally, according to Crestini et al. the dissociation energy for the benzylic C-H 
bond of vanillyl alcohol is 87.5 kcal/mol, while for the phenolic O-H bond the value 
of the dissociation energies is 87.0 kcal/mol.179 Despite the insignificant difference 
in the bond dissociation energies, TEMPO seems to prefer abstracting the 
hydrogen of the benzylic carbon.164,201 This can explain why our initial attempt to 
use the AR to increase the rate of formation of phenoxy radical, and therefore  
increase the formation of quinone, was not achieved using this approach.   
5.4 Conclusions 
In this Chapter we reported the results of using AR as mediators of vanillyl alcohol 
lignin model oxidation. This lignin model has shown less reactivity than the more 









Here we wanted to evaluate if the addition of AR increases the formation of 2-
methoxy-1,4-benzoquinone from the oxidation of vanillyl alcohol. The results of this 
project show that while achieving relative high yields of conversion, the VaOH 
oxidation by using the Co(N-Me salpr)/TEMPO system does not produce MMBQ 
nor aldehyde in high yield. The reason for this poor result can be attributed to the 
formation of dimeric products due to polymerization of the radicals formed during 
the reaction. Also, our attempts to increase the formation of phenoxy radical were 
challenged by the preference of AR to attack the benzylic hydrogens instead of the 
phenolic hydrogens.  
We recommend evaluating the use of Co(OAc)2 for the oxidation of lignin models 
by using AR. This cobalt catalyst was the one that demonstrated the best 
performance in terms of conversion of the vanillyl alcohol, and it could be 
interesting to develop a more detailed investigation using it for the oxidative 
depolymerization of lignin models in the presence of AR.  
5.5 Experimental  
5.5.1 Materials and instruments 
All reagents and solvents were purchased from commercial sources and were 
used as received unless otherwise indicated. HPLC analysis employed a Waters 
HPLC system which consisted of a 2695 separations module, a 2996 model 
photodiode array detector and a 100Å, 3.5 µm, 3 mm X 150 mm SunFire C18 
column. Response factor curves were prepared for 2, 6a, and 18. The response 
factor F was used to quantitate the amount of analyte in each reaction (Figure 56). 
For determination of 6 and 7, the eluent was an acetonitrile/water gradient (0 min: 
0.1 ml/min of 25:75 MeCN/H2O; 15-20 min: 0.1 ml/min of 50:50 MeCN/H2O). For 
determination of 18, an isocratic elution was performed with 50:50 MeOH/H2O for 








5.5.2 General procedure for the oxidation of 6 at high pressure 
CAUTION: The reactions were carried out in a 60 ml thick-walled glass Fisher-
Porter bottle under oxygen pressure. While we experienced no difficulties in 
performing these reactions, appropriate precautions should always be used when 
combining organic materials and oxygen under pressure.  
Compound 6, cobalt catalyst, and AR were combined with the solvent in a 60 mL 
Fisher-Porter bottle and stirred. The bottle was flushed with oxygen three times 
and then pressurized to 60 psi. Each reaction was stirred for 18 h. At the end of 
the reaction, the crude mixture was concentrated under vacuum using a rotary 
evaporator at 30 °C. The crude material was dried overnight under vacuum. The 
amount of 6, 7 and 18 were determined using HPLC and their conversion and yield 
were calculated according to Equation 12, 13 and 14, respectively.  
  
6 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
𝑚𝑎𝑠𝑠 6𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑚𝑎𝑠𝑠 6𝑓𝑖𝑛𝑎𝑙
𝑚𝑎𝑠𝑠 6𝑖𝑛𝑖𝑡𝑖𝑎𝑙
× 100 [12] 
7 𝑦𝑖𝑒𝑙𝑑 =
𝑚𝑎𝑠𝑠 7𝑓𝑖𝑛𝑎𝑙 × 𝑀𝑊 7
𝑚𝑎𝑠𝑠 7𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝑀𝑊 7
× 100 [13] 
18 𝑦𝑖𝑒𝑙𝑑 =
𝑚𝑎𝑠𝑠 18𝑓𝑖𝑛𝑎𝑙 × 𝑀𝑊 18
𝑚𝑎𝑠𝑠 18𝑖𝑛𝑖𝑡𝑖𝑎𝑙 × 𝑀𝑊 18
× 100 [14] 
 
5.5.3 General procedure for the oxidation of 6 at atmospheric pressure 
Compound 6, cobalt catalyst, and AR were combined with the specific amount of 
solvent shown in the experimental matrix in a 100 mL round bottom flask. The flask 
was attached to a reflux condenser and to a balloon filled with oxygen. Each 
reaction was run for 18 h under a specific oxygen atmosphere and was stirred and 
heated in an oil bath at the specific temperature when necessary. At the end of the 
reaction, the crude mixture was concentrated under vacuum using a rotary 
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evaporator at 30 °C. The crude material was dried overnight under vacuum. The 
amount of 6, 7 and 18 were determined using HPLC analysis and their conversion 
and yield were calculated according to Equation 12, 13 and 14, respectively 
5.5.4 Effects of the catalyst, mediator, solvent, and pressure-temperature on 
the conversion of 6 
To evaluate the statistical effect of the kind of catalyst, kind of mediator, kind of 
solvent, and pressure-temperature on the conversion of 6, we performed an 
analysis of variance (ANOVA) using the data reported in Table 21. Using the 
software JMP®, a multifactor ANOVA was done (see Table 24). All the four 
evaluated factors have a statistically significant effect on conversion of 6 at a 95% 
of confidence.  
5.5.5 Effects of the five factors evaluated in the conversion of 6 using catalyst 
1b and AR 12 
To evaluate the statistical effect of the concentration of 1b, the centration of 12, 
the oxygen concentration, the kind of solvent, and temperature of the reaction on 
the conversion of 6, using catalyst 1b and AR 12, we performed an analysis of 
variance using the data reported in Table 23. Using the software JMP®, a 
multifactor analysis of variance (ANOVA) was done. Only the concentration of 
catalyst 1b and the temperature of reaction have a statistically significant effect on 




Table 24. ANOVA of the catalyst, mediator, solvent, and pressure-temperature 
for conversion of 6. 
Source Sum of Squares Df Mean Square F-Ratio P-Value 
Main effects      
   Catalyst 1028.09 2 514.046 55.38 0.0000 
   Mediator 1615.75 2 807.876 87.04 0.0000 
   Solvent 4401.55 2 2200.78 237.11 0.0000 
   Pressure-Temperature 2387.18 2 1193.59 128.60 0.0000 
Residual 361.98 39 9.28154   




Table 25. ANOVA of concentration of 1b, centration of 12, oxygen concentration, 
kind of solvent, and temperature of reaction for conversion of 6. 
Source Sum of Squares Df Mean Square F-Ratio P-Value 
Main effects      
 Solvent 338.56 1 338.56 3.99 0.0738 
 Catalyst concentration  4542.76 1 4542.76 53.49 0.0000 
 Additive  2.89 1 2.89 0.03 0.8573 
 Oxygen concentration 5.76 1 5.76 0.07 0.7998 
 Temperature  786.802 1 786.802 9.27 0.0124 
Residual 849.205 10 84.9205   
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